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ABSTRACT 
X-ray photoelectron spectroscopy (E.S.C.A.) has been 
used to invest1gate the surface chemistry of cellulose n1trates. 
The heterogeneous nitration and denitrat1on of cellulose 
nitrates has been studied as a funct1on of time and temper-
ature and important conclus1ons have been drawn on the com-
plex equ1libr1a establ1shed at the surface. 13c solution 
state n.m.r. has been employed also in these reactions to 
monitor the bulk chemistry; partial degrees of substitut1on 
established at individual sites of a B-D-anhydropyranose ring. 
- --- --
--- -
Correlatlons are drawn between these partial DOS's and the 
mean d(llO) interchain spacings in cellulose n1trates, and 
show evidence for possible morphological changes. 
The nature of the nitrating species 1n a technical ac1d 
mix has been alluded to by the use of laser Raman spectroscopy. 
f h b h . + Ev1dence ex1sts or t e spec1es e1ng t e n1tron1um 1on, N0 2 . 
The X-ray induced and thermal degradation of cellulose 
nitrates, both surface and bulk has been addressed by the use 
of ESCA, FAB/SIMS and 13c n.m.r. New information on the 
build up of degradation products at the surface is postulated 
by the formation of an oxime structure, with concomitant in-
creases 1n carbonyl and ester functional1ties. Conclusions 
are given which suggest that electromagnetically induced de-
gradation is a surface phenomenon, whereas thermal degrad-
at1on 1s predominantly bulk orientated. 
The use of tr1fluoroacet1c ~nhydr1dc ~s ~ hydroxyl 
tagging agent has been investigated on cellulos1c materials. 
Incomplete esterification of the hydroxyl groups occurs. 
v 
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CHAPTER ONE 
APPLICATION OF MODERN ANALYTICAL TECHNIQUES 
TO THE INVESTIGATION OF CELLULOSE NITRATES -
A REVIEW 
I 
• 
2 
1.1 Introduction 
Cellulose remains one of the world's most lmportant 
textlle materlals, despite contemporary lnroads made lnto 
the textlle market by synthetic fibres. The most i~portant 
factor as to why this lS so is its ready avallablllty and 
contlnulng supply of thls naturally occurrlng flbre, coupled 
with lts "wearablllty". In fact, Hon 1 has estimated that 
vegetatlon produces about 100 blllion tons of cellulose a 
year. It is, therefore, of no great surprise that cellulose 
has maintained lts competltlve price and _posi±lon ln world 
markets. 
Cellulose, being a natural fibre, has of course a 
myriad of desirable properties, and by methods of derlvatlsatlon 
a multitude of uses. For example, cellulose acetates are a 
valuable textile material in their own right, and oxldised 
cellulose and the carboxy-methyl derivative have found many 
2 
useful applications in chromatography. Perhaps the earllest 
derlvatlsation of cellulose came in 1819 in the laboratory of 
3 H. Bracconot , who observed the effect of fuming nltrlc acld 
on cotton. The resultlng cellulose nltrate (see Flgure 1.1) 
was found to be an extremely unstable and explosive material 
whlch qulckly found military applications in propellant 
formulations. 
In fact, cellulose nitrate was for many years used in 
such diverse applications as billiard balls and shltt collars. 
Indeed, the history of western civlllsation was materially 
changed by the production o£ cellulose nitrates, both in terms 
of mllitary appllcations and the large lmpact wnich the 
J 
~0 
CELLULOSE 
"-o 
A CELLULOSE NITRATE 
Figure 1.1 The chemical structure of cellulose and a 
possible structure of a cellulose nitrate 
photographic and cinematographic 1ndustr1es 1nvoked. In 
add1tion to propellant formulat1ons, extens1ve use 1s st1ll 
made today of nitrocelluloses in such diverse fields as the 
automotive, packaging and magnetic tape industries. 
From a cellulose chemist's point of view, the nitrate 
3 
0-
ester of cellulose 1s of great 1nterest for a number of reasons, 
(1) cellulose nitrJte is produced 1n a heterogeneous 
react1on, whereas most other derivatives are regenerated from 
solution; 
J 
(ii) the nitration reaction is believed to be an 
equ1librium reaction and hence the extent of n1tration 
may be var1ed by the acid composition. In most other re-
act1ons of cellulose, the derivative 1s obta1ned by quench-
4 1ng a rate-controlled process ; 
4 
(iii) cellulose nitrate exhibits a range of birefringent 
* propert1es depend1ng on the degree of substitut1on {DOS). 
The low DOS mater1als are always pos1t1vely b1refr1ngent whereas 
the higher derivat1ves show strong negative birefr1ngence; 
the neutral point occurring around a DOS = 2.2 r1any other 
cellulose der1vatives are also positively birefringent, like 
cellulose itself, but chitin, a cellulose-like mater1al shows 
a negat1ve birefringence; 
(1v) x-ray studies of the d(llO) interchain spacings 
have revealed that materials of the same DOS prepared by 
n1trat1on of cotton linters and den1trat1on of a hlgh DOS 
cellulose n1trate, have qu1te d1fferent structures and pro-
perties. 
In addition, despite the voluminous literature available 
on the chemistry and structure of cellulose and its nitrates, 
there are still a number of questions that rema1n unanswered 
which are of great interest in the industrial manufacture 
and storage of these materials. 
For a complete overview of the problems to be considered 
these, too, are l1sted below. 
I•' (I I ' I II () I . 
* DO.S- dcqrct· rJr ~~uu·~l~Llut- Lon, t.•. til(~ dVl'f-d'-JC' numl1cr of 
ester groups per G-D-anhydroglucopyranose ring. 
(a) The nitratlon reaction never achieves the theoretical 
maximum esterlfication level of three nitrate groups per 
S-D-anhydroglucose rlng. This is particularly notlceable 
in mixed acld preparations. 
(b) The distribution of nitrate groups along a chain and 
around a residue is of great interest with respect to the 
broader macromolecular structure of cellulose itself. 
(c) The mode of degradatlon of these materials is of great 
interest, especially to the munitions lndustry, as modiflc-
a"Cl6r1 of burn rates and accidental d-etonation would have 
grave consequences. 
These aspects will be further discussed in a later 
section, but it is the purpose of the remainder of this 
5 
chapter to present a brief review of the relevant llterature 
pertaining to the chemistry and structure of cellulose nitrates. 
1.2 Cellulose Nitrate 
1.2.1 A Brief History of Cellulose Nitrate Production 
The nitration of cellulose has had a long and 
chequered history since the discovery in 1819 by Bracconot 3 ' 5 
that the reaction of fuming nltric acid and cotton produced 
a highly unstable, explosive material whic~ changed the course 
of modern warfare. In 1846, a patent was granted to Schonbeln 6 
specifying the production of nitrocellulose and 1t was not 
unt1l the £1rst unscheduled explos1on 1n 181\7, Lh11t work on 
the technical production of cellulose nitrates became a little 
restrained. 
However, thls explosioB dld cause the recogn1tion 
of the posslbllity for the use of cellulose nltrates 1n pro-
pulslon lf the burn rate could be modlfled. By 1867, the 
basls of the production of smokeless propellants for guns, 
rlfles and shells was established. 7 In 1862, Parkes' use 
of camphor as a plasticiser for cellulose nitrate ln the 
celluloid production undoubtedly aceelerated photography as 
we know it. 
However, despite the many applJ_catlons of cc llu 1 ()r.,c 
n-Ltr:-ate- lt lS- the mllltary cstabllshmcnts where rno',L 1 ntcrr_:c,l 
lles. It lS therefore pertinent to ment1on the product1on 
methods used today. 
1.2.2 Production Methods 
4 Cotton linters or woodpulp is by far the greatest 
raw material used in the manufacture of cellulose nltrates. 
The cotton linters receive a preliminary treatmen~ called 
This kierlng treatment reduces the vlscoslty 
of the cotton and lS achieved by heatlng under pressure w1th 
dilute sodium hydroxlde. However, klerlng lS found to be 
more effective ln lowering the total viscosity after the 
nitration process. There are two baslc nitratlon procedures 
used which Wlll be consldered in turn. 
(1) Mechanical Nitration4 ' 8 
The vessels used in the nitratlon are upright oval 
cylinders made of stainless steel, ln each of which operates 
two paddles on vertlcal shafts, and a centrlfuge 1s Sltuated 
below the vessels. The ac1d lS pumped lnto the vessels w1th 
7 
a charge of cotton linters, and the nitration reaction is 
allowed to proceed with ag1tation. Dur1ng this t1me the 
0 temperature of the m1x does not rise by more than 2 C. Once 
the react1on has proceeded for a f1xed per1od of t1me, the 
contents are empt1ed into the centr1fuge, where the waste 
acid is spun off and recycled. 
The spun cellulose nitrate has its own weight of spent 
mixed acid adhering to 1t, and this is elim1nated via a Jet 
of cold water. This is done rapidly to alleviate denitrat1on 
effects. The resulting n1trocellulose is then washed 1n 
several changes of hot water before stabil1sation. 
( 2) 4 8 The D1splacemcnt Process ' 
The nitrat1on vessels are usually shallow square vessels 
with a central bottom outlet. A perforated false bottom 1s 
included into the vessel. About 800 lbs. of fresh ac1d 1s 
run into the pan and ~24-27 lbs. of cotton is dipped into 
the acids with stainless steel forks. Heavy t1les are laid 
over the cotton to exclude air for periods up to one hour, 
when the acid is d1splaced with a regulated flow of water, 
wh1le the spent acid is slowly run out of the bottom outlet. 
The water-wet, but acid-free, nitrocellulose is removed from 
the vessel and is ready for stab1l1sation. 
There is evidence that the cellulose nitrate prepared v~a 
this process is more likely to suffer denitration; a fact that 
9 has recently been alluded to by Lew1s from b1refr1ngencc 
measurements. 
8 
1.2.3 Laboratory Preparation 
The esterif1cat1on reaction of cellulose to 
form cellulose nitrate can be accompl1shed us1ng var1ous 
n1trating m1xes. The var1ous acid m1xes used shall now 
be considered. 
(i) Nitric Acid: Water Mixes 
Accord1ng to Miles 4 , products produced in this m1x 
dissolve in an acid concentration >80%, and are therefore 
considered unsatisfactory. The n1tration 1s also believed 
to be uneven, although there is little evidence for th1s. 
However, it 1s known that cellulose n1trate prepared 1n th1s 
mix has a very low v1sc6sity and gelat1n1sat1on of the fibre 
may also occur. The gelat1nisation problem can be overcome 
by the use of sodium and potassium nitrates 12 in the acids, 
although no explanation hasbeen given of this phenomenon. 
However such acid mixes have been used in the work of Tromme1 10 
ll 
and Stephenson to denitrate high DOS materials. 
(ii) Phosphoric Acid: Nitr1c Acid Mixes 
Th1s acid m1x is considered the best 1n the laboratory 
as high DOS material can be achieved which 1s part1cularly eusy 
to stab1lise. However, the attack of the reagent on steel 
and glass, and the difficulty in recycling the spent acids, 
precludes its use on a large scale product1on. 
(iii) Nitric Acid w1th Organic Liquids 
The usc r1f organic liquids 1n the n1trat1nq mix 
little L~ known ubout lhe kinetics ot the re,c·tJon. lilqll 
9 
percentage nitrogen mater1al can be obta1ned us1ng acet1c 
13 14 15 16 
anhydr1de, chloroform, propion1c ac1d, acet1c ac1d 
and butyric ac1d 17 with fuming nitric acid. 
(iv) Sulphuric Acid: Nitric Acid Mixes 
It is in this acid mix that most n1trat1on pro-
cesses take place 1n th1s thesis and in the technical pro-
duct1on of cellulose nitrate. In fact, almost every possible 
rat1o of nltr"Lc ac1d and sulphur"Lc ac1d has been Lnvcr,ttrFJtr:d, 
4 
and thLs has Jed to e1 thrcc-wuy nLtr<JtLon dl·Jrjr.:1rn f)cJnrJ 
drawn up. Hence, the expected degree of subst1tut1on ce1n 
be read off for a part1cular ac1d mix, (see Figure 1.2). 
Although experience has shown that the d~agram is not partie-
ularly accurate ( it 1s argued that the diagram takes no 
account of the effect of starting material on the f1nal degree 
of substitution), it can be used to give an approximate value. 
The diagram lS spl1t by areas of swell1ng and solut1on. These 
areas must be avo1ded if a product of even n1trat1on and hig~ 
v1scos1ty is desired. Nitration me1y also be accompan1ed by 
changes 1n the physical cond1tion of the f1bre, espec1ally 
in acid m1xes where the nitr1c ac1d content 1s greater than 
25%. This point shall be returned to in Chapters Three and 
Four of this thesis. 
It is still not established what the nitrating agent 
. lth h h t . . + 18 b l d . 1s, a oug t e n1 ron1um 1on, No2 , has een postu ate 1n 
mixes where the water content is low, according to the equat1on 
+ N0 2 + 2HS0 4 
The n1tron1um 1on 1s not observed spectroscopically 1n 
ac1d mixes conta1ning less than 80% sulphuric acid; a range 
far outside those encountered normally. 
Figure 1.2 
HNOa 
"lnduautal" NC, I I 0% N 
"lnduautal" NC, 110% N 
Guncouon,IJI% 
H.SO. 
Ml#d tmd clrDTt Lt-. of <0111tmot .,,"'11"' mul ..,..., of taUUfll Glfd 
..,_ 
Three-way compos1tion diagram for nitration 
of ce11u1ose4 
10 
11 
1.2.4 Stabilisation 
Stabil1sat1on of cellulose nitrate lS ac0ieved 
by boiling or steaming with many changes of water, and this 
renders the material quite safe to handle in a dry state. 
For blasting explos1ve nitrocellulose, a stabil1sat1on per1od 
of several days is used, although several hours 1s probably 
sufficient 1n the laboratory. The stab1lity 1s generally 
19 20 
measured by the Abel Heat Test or the Bergmann-Junk Test. 
It has been suggested that the nitrate group oxid-
ises the cellulose residue lil5era-tihg n.rtrogen oxi-d-es whrch-
autocatalyse the degradation. 21 The instability could be due 
to small amounts of the mineral acids being present, and 
hence be more marked for high DOS materials and less 1n those 
nitrocelluloses prepared without the use of sulphuric ac1d. 22 
The formation of sulphate esters during nitration 
in mixed acid is well substantiated, 4 and boiling removes 
such esters although some authors 23 believe that free ac1d 
is trapped in the fibrillar structure and is difficult to 
remove. Gagnon and co-workers 24 have examined the relation-
ship between sulphate and nitrogen content of unstab1lised 
cellulose nitrates and found that the sulphate ester content 
decreased steadily with increasing nitrogen content. 
However, it is not poss1ble to expla1n the in-
stability of cellulose nitrate purely to sulphuric ac1d or 
sulphate esters since cellulose nitrate prepared by other 
acid mixes are also known to be unstable unless washed thor-
oughly and bo1led. Hence it was suggested25 that an oxid-
ation product of cellulose was formed in nitration which could 
12 
init1ate degradat1on, and which could be removed by boil1ng 
in water. These po1nts shall be returned to in Chapter Five 
of this thesis. 
1.3 The Nitration Equ1librium of Cellulose 
Cellulose nitrate is an ester of cellulose and hence 
one would expect that the compos1tion of the ac1d m1x would 
determine the degree of esterif1cat1on. Sim11arly, if i1 
high DOS cellulose nitrate is placed in an ac1d m1x which 
normally would n1trate to a low DOS, then denitrat1on or 
saponificat1on would occur. The first workers to check this 
26 
experimentally were Berl and Klaye who found that cellulose 
nitrate would denitrate under these conditions, but also that 
the degree of subst1tution attained was higher than expected. 
27 . 28 29 Later Fabel, Demoug1n and Bonnet reached the same con-
elusion; that 1s, the equilibrium had not been reached. These 
experiments were reviewed by Miles 4 and repeated and expanded 
10 by Trormne 1 . It is largely as a result of th1s work that 
many workers prefer to expla1n the observations via an access1-
bility theory, although it is now accepted that the nitrat1on 
of cellulosic materials is an equilibrium reaction. The re-
rnainder of this chapter hopes to reach come conclusions about 
these conflicting ideas by reviewing the very recent literature. 
1. 4 Strur:tur.1 I ~;t.udi C'~-1 
In gene rill, cellulose chem.ists llilve been quick to apply 
new analyticaL technHJues Lo the study or the ~Lructuri:l I .tnd 
13 
synthetic problems encountered in the wide field of cellulose 
chemistry. Cellulose, for example, may be counted amongst 
the first materials to be studied under the polarising micro-
scope; soon after the discovery of the diffraction of x-rays 
136 42 by crystalline materials by Bragg, Mathieu recorded the powder 
pattern of a series of celluloses. 
In more recent years, high technology has provided the 
cellulose chemist with such tools as infra-red spectroscopy, 
high resolution nuclear magne.tic resonance spectroscopy for 
analysis both in solution and in the solid state, and Electron 
Spectroscopy for Chemical Applications (ESCA, X-ray Photo-
electron Spectroscopy) , for studying the surfaces of cellulose 
fibrils. However, it is something of a surprise to learn 
that despite this ever increasing number of analytical tools, 
the number of reports of the applications to cellulose ni tra.te 
chemistry is extremely limited. It is true that much of the 
literature is lost in the secrecy that surrounds the military 
establishments. 
It is the aim of this section to review the uses of some 
of these analytical techniques in cellulose nitrate chemistry. 
1.4.1 Infra-Red Spectroscopy 
Infra-red spectroscopy is a very useful tool when 
dealing in those fields of chemis.try where a number of com-
pounds of similar chemical and physical properties require 
analysis and identification. The technique has been widely 
applied in carbohydrate chemistry. Cellulose and its deriv-
atives have undergone several investigations by infra-red 
spectroscopy. 30 , 31 For instance, the technique has proved 
14 
especially useful in the oxidation of cellulose by monitor1ng 
the increase in carboxyl and carbonyl groups. 30 
The many absorption bands of cellulose have been 
32 
ass1gned by Rowan, and many workers have concentrated on the 
nature of the hydroxyl bonds in the 3 micron region 33 
Marrian and Mann 34 have attr1buted specific absorpt1ons to 
various types of hydrogen bonds by using deuterat1on techn1ques. 
Barker 35 et aZ have studied cellulose and d1scussed the nature 
of the bonds at 112 microns. 
The various polymorphic forms of cellulose, 
especially the important transition between the crystal forms 
of cellulose I and II, has received much attention. 36 Kuhn 37 
has attempted to assess the nitrate ester groups 1n cellulose 
nitrates using infra-red spectroscopy, whilst Higgins 38 has 
reviewed the application of the technique to cellulosic 
materials. 
1.4.2 X-Ray Diffraction 
The change in the macromolecular structure of 
cellulose nitrate as the hydroxyl groups of the cellulose 
chains are progressively replaced by nitrate ester groups 
has been well studied, and it is now well established that 
the conversion coincides with a substantial change in the 
unit ce11. 39 Changes in the spiral angle and nature of the 
helix have also been recorded and 1t is proposed that the antl-
parallel arrangement of chain molecules that persist in the 
cellulose I structure is mainta1ned in the cellulose nitrates, 
except for those nitrated in or near the swelling or solution 
areas of the Miles diagram. 6 However, it 1s l1kely that 
15 
some intermediate chain arrangement is adopted s1milar to 
that in mercerised cellulose. 40 This form of cellulose is 
produced via a heterogeneous reaction, and has recently been 
1nvestigated using solid state n.m.r. 41 (see Section 1.4.4). 
Much of the initial X-ray work was carried out 
by French workers, 42 who claimed to d1st1ngu1sh three dist1nct 
diffractlon patterns for the trinitrate, dinitrate and cellulose 
structures; the tr1nitrate diagram being extremely sBarp and 
clear. An assignment of a pure dinitrate structure is un-
13 43 . tenable from recent C n.m.r. data. (see Sect1on 1.4.3). 
Much of the early work is reviewed by Miles. 6 
Perhaps, the first to observe a linear relationship between 
d(llO) interchain spacing and the nitrogen content of cellulose 
nitrates was Mathieu. 42 Tromme1 10 has also investigated 
this problem over a range of D.O.S. and his results can be 
summarised in Figure 1.3. 
It is clear from Figure 1.3 that the d(llO) 
spacing is very sensitive to DOS, and that the lattice spacing 
of denitrated materials is maintained, despite substantial 
loss of nitrate ester groups. It would appear that once the 
cellulose trin1trate structure is attained it is extremely 
stable, perhaps because of the hydrogen bonding, which makes 
it resistant to hydrolysis. 
An accessibility rationale was put forward by 
Tromme1 10 to explain this data. Briefly, large portions of 
trinitrate structure are expected to be crystalline, and hence 
resistant to attack by acids. Several lengths of such 
material would poss1bly hold the chains apart and hence the 
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d(llO) interchain spacings would remain similar. A similar 
10 
argument was adopted, again by Trammel, to explain anomalous 
solubilities of nitrocelluloses prepared by nitration or de-
nitration; in general, denitrated materials are less soluble 
in mixtures of alcohol and ether (2:1). 
44 Even 1n a recent study by Atk1ns, the unLt cell 
of cellulose and 1ts polymorphs hQs not been clc.1rly ~dducud. 
What has been established though, 1s that the spiral angle 1n 
0 
cellulose II ~nd poss1bly cellulose I 1s 180 coinciding witn 
an axial advance of 0.519nm. Crystallographically, the flat 
17 
r1bbon helix lS defined as 2 1 . 
In the case of the cellulose tr1n1trate structure 
the helix is s2 , i.e. five monomers in two turns result1ng 
in an axial advance of 0.508nm. The rotation between mono~ers 
is now 144° and therefore there is a relaxat1on within the 
0 
cellulose structure of 36 per monomer. It 1s l1kely that 
in this arrangement both left and right-hand macro ch1ral1t1es 
are equally probable and hence an accumulation of tw1st would 
not occur. 
1.4.3 Solution state n.m.r. 
The resolution of many of the problems d1scussed 
earlier requ1res an understanding of the bulk chem1stry of 
these materials. Recent investigations of the bulk com-
position of cellulose nitrates have been carr1ed out us1ng 
high resolution solut1on state nuclear magnet1c resonance 
spectroscopy, and have led to a greater understanding of the 
. h . 1 d 45 react1on mec an1sms 1nvo ve . In 1980, wu 46 published 
13 C n.m.r. spectra of nitrated celluloses and made in1tial 
assignments of the peaks in the anomeric regi9n of the c1 
carbon 1n variously substituted glucose res1dues. This 
has unambiguously demonstrated that the equilibrium part1al 
DOS is of the order c6 >c 2 >c3 (see Figure 1.1). However, an 
analysis based solely on the anomeric c1 carbon has certa1n 
inherent weaknesses which can largely be el1minated by us1ng 
13 
the rema1nder of the C n.m.r. data from c2-c 6 once approp-
r1ate assignments have been made. 47 Such ass1 gnrncn ts allov1 
a considerable amount of information to be extracted from 
spectra. 
18 
~urther use of this technique has been employed 
1n this thes1s 1n Chapters Three and Four; hence 1t 1s there 
that further cons1derat1on of the analys1s w1ll be encountered. 
The rema1nder of this section will d1scuss the relevant llter-
ature pertain1ng to the use of 13c solut1on n.m.r. 1n cellulose 
nitrate chemistry. 
With respect to the problem of anomalous lattice 
spacings addressed in Section 1.4.2, it is of great 1nterest 
to exam1ne the ava1lable data for 1nformat1on perta1n1ny to 
sequence d1str1but1on. A typical low DOS cellulose n1tr~tc 
ld l Of .. 45 y1e s an n.m.r. ana ys1s 
DOS 2.31 Partial DOS Trisub. 2,6 sub 3,6 sub 6 mono 
c6 c2 c3 
1.0 0.71 0.6 47% 24% 13% 17%. 
Since wu46 has shown that substitut1on at the c6 
position largely leaves the c1 position unaffected, sequence 
distribution will be manifest from the effect of substitut1on 
at the c3 position 1n adjacent rings. Hence, by know1ng 
partitioning of the Bitrate groups and the assignments of the 
peaks in the anomer1c region, it is poss1ble to come to some 
47 
conclusions on sequence distribution 1n a given sample. 
From these studies, 1t is certa1n that subst1tut1on 1s non-
random and that substitution at a given site is influenced by 
substitution patterns in adjacent rings. It is also clear 
47 from the work of Clark and Stephenson that differences 1n 
substitution patterns occur for samples of the same DOS pre-
pared by d1fferent means. 
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Figure 1.4 Block histogram of nitrate ester distributions 
for g1ven degrees of substitution versus the 
mean interchain d(llO) spacings as measured by 
x-ray diffraction47 
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Detailed lnvestlgations of the relatlonshlp 
between d(llO) lattlce spaclngs and substltutlon patterns 
have shown that those materials havlng unsubstltuted prlmary 
hydroxyls prepared by nltration ln general have lower d(llO) 
spacings than those prepared by denltration which do not have 
unsubstltuted hydroxyls at c6 . Figure 1.4
47 
summarizes 
these data in the form of a block histogram set on an X-ray 
spacing versus DOS graph. It is also interesting to note 
from this graph that in the cases where denitrated and nitrated 
materials have similar interchain spaclngs, the general 
distributlon of nl trate groups around the res ldue are SlPnlar. 
1.4.4 Solid-State n.m.r. 
It has become apparent in recent years that 
13 C n.m.r. spectra of solid polymeric materials can be ob-
tained with a resolution comparable or approaching that of 
. 48-51 
solutlon studles. How well such experiments work de-
pends upon the physical nature of the polymer and the use of 
several techniques known as high power decoupling, cross-
polarisatlon and magic angle spinning. Several excellent 
artlcles are avallable on such topics, and hence Wlll not be 
52-54 
explalned further here. 
The application of these new techniques to 
celluloslc materials has recently been reviewed, 52 and as 
such will not be developed on here. It is sufficient to 
mentlon that the varlous polymorphs of cellulose have been 
lnvestlgated, and also the transformatlon of cellulose I to 
cellulose II has partly been explalned by a study of the 
53 oljqomerc~ of cellulose. 
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13 The advantage of sol1d state C n.m.r. to the 
investigation of cellulose nitrates 1s that now the hetero-
geneous n1trat1on or denitrat1on can be stud1ed. Not only 
is this complimentary to similar ESCA studies at the surface 
(see Sect1on 1.5.1), but 1t prov1des an interesting fore-
sight into the diffusion of the nitrat1ng med1a into the bulk 
of the fibrils. For example, Figure 1.5 54 records the spectra 
obtained of the nitration of cellulose I 1n increas1ng con-
centrations of nitric acid. The typical cellulose I spectrum 
is maintained over the range of 51% to 59% n1tr1c ac1d, al-
-t=:li6ugn at- -67% -t:nefe ar-e 81-gns 6f splTt-ting in tfic c 1 reg1ons. 
It 1s 1nterest1ng to note that th1s concentratlon of ac1d 
produces cons1derable swell1ng of the f1bres wh1ch 1ncreascs 
until dissolution occurs at ~70% n1tr1c acid. W1th1n a 2% 
54 
range, Stephenson observed a total change 1n the spectra, 
result1ng in the broad characteristic nitrate peaks. This 
rapid conversion is somewhat unexpected but compl1ments 
6 limited X-ray data which suggests large changes in the di-
mens1ons of the un1t cell at these concentrations. 
The method is clearly of great importance 1n 
cellulose n1trate chemistry, and may be used to follow t1me 
dependent stud1es 1n a var1ety of n1trat1ng med1a, y1eld1ng 
complimentary information to ESCA studies of the surface. 
1.4.5 Optical Microscopy 
As was alluded to in Section 1.4.2, the chain 
arrangement of cellulose nitrate is of particular 1mportance 
in b1refringence studies. This subJect was orig1nally add-
55 56 
ressed by Kohlbeck and more recently re-examined by Lew1s.-
22 
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Figure 1.5 13c CP/MAS solid state NMR spectra of cellulose 
linters nitrated in increasing concentrations of 
nitric acid 
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It is possible to estimate the DOS of cellulose 
nitrates from birefringence data, whereas the only method 
previously available was the Kjeldahl nitrogen determ1nation. 57 
Although X-ray dlffractioB has now establ1shed the sp1ral angle 
to be 144° 1n certa1n cellulose nitrates and the hel1x to be 
s2 ,
44 the conformat1on of the c6 nitrate group was still in 
doubt. This is presumably due to the disorder at th1s pos1t1on 
because of the possible arrangements of the group e.g. the 
tg, gt and gg forms. 
Recent studies by Lewis 56 have suggested that 
b1refringence measurements on individual fibres (tak1ng into 
account a stat1stical distribution of fibre thickness) can 
be linked to calculations of the theoret1cal b1refr1ngence of 
mono-, d1- and tr1-substituted cellulose n1trates from the 
polarizability, orientation, and subst1tut1on pattern of a 
relevant cellulose nitrate of the relevant DOS. These calcul-
ations were carried out for c6 nitrate groups in all three 
possible orientations and compared to experimental data. The 
conclusion made was that the gg conformation was essentially 
forbidden and that only the tg and gt forms are possible in 
cellulose nitrates. The three conformations available are 
shown 1n Figure 1.6. 
CELLULOSE TRINHRATE 
tg 
gt 
gg 
Figure 1.6 The gg, gt and tg conformat1ons of the c6 
primary nitrate ester group 
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1.5 Surface Studies 
1.5.1 ESCA 
Many of the important properties of cellulose 
nitrates may be expected to depend on surface phenomena. 
25 
Since the initial reaction of any nitrating medium with 
cellulose fibrils is at the surface and since it is the sur-
face which interfaces with the surroundings, the question of 
the mechanism of synthesis, of initial burn rate, and of 
denitration are circumscribed by details of structure and 
bonding in the outermost few tens of Rngstroms of the surface. 
Clark6~as shown ESCA to be the single most useful 
technique for surface characterisation of polymer systems. 
It is not the subject of this section to explain 
the basic principles of ESCA, as this will be done in Chapter 
Two; but to review the pertinent literature of the application 
of ESCA to cellulose nitrates. 
Figure 1.7 shows an example of the type of spectra 
obtained for a cellulose and from a sample nitrated to a DOS 
of 2.6 in the acid mix 70% H2so4 ; 22.5% HN03 ; 7.5% H2o. 
The c1 s spectrum shows three distinctive components 
once a standard lineshape analysis has been carried out. Thus, 
the central peak at 287.4eV arises predominantly from the 
carbons at c2 and c6 bearing the nitrate ester functionality 
with contributions from c4 and c5 . c1 attached uniquely to 
two oxygens in the cyclic hemiacetal formulations of the s-o-
glucopyranose ring is at the highest binding energy. The 
component at 285.0eV arises from extraneous hydrocarbon, which 
26 
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Figure 1.7 cls' o1 s and Nls spectra of a cellulose 
nitrate and c 1 s and o1 s spectra of a cellulose. 
has been shown by Clark 58 et al by use of different X-ray 
sources, to be confined to the very surface of the fibr1ls. 
This hydrocarbon 1s always present irrespective of the source 
or type of cellulosic material. 
The Nls s1gnal consists of an 1ntense h1gh b1nd1ng 
energy component cons1stent with the nitrate ester qroup. 
A low b1nding energy n1trogen signal is often present ut 
~406eV which is consistent with the nitrite ester group. 
The occurrence of the nitrite este~ 1n cellulose nitrates has 
27 
not been suggested previously. Their effect on such factors 
as burn rate 1s investigated in Chapter F1ve of this thes1s. 
The o 1 s core levels are essentially composed of 
three peaks which can be ldentified, but for the purpose of 
this thesis are left unresolved, as the chemical shifts within 
o1 s core levels are small. 
Hence, using these assignments which are supported 
79 
by theoretical calculations, it is a straightforward matter, 
once appropriate sens1tivity factors are known from model 
systems, to calculate theDOS. 
Hence, monitoring of the Nls s1gnal provides a 
ready means of following the reaction rate. This study was 
58 
carried out by Clark and Stephenson over a range of DOS and 
in each case the Nls intensity remained constant for reaction 
times of one second to one hour to a depth of ~lsoR. It is 
clear therefore that the equilibrium DOS is rapidly establlshed 
in the surface regions. 
The gross features of the equilibria wh1ch are 
involved in determining the overall DOS at the surface of 
cellulose fibrlls is outlined schematically below for a nltrlc 
acld-sulphurlc acid mix. 
( i) 
K ~0-H + 2HNO ~ 3 o:-----
K = Nitration-denitration equilibrium 
rapidly established? 
28 
(ii) Competit1ve sulphonation 
(iii) Work-up procedure-hydrolysis 
rvo-H + HN0 3 . 
For m1xed acid n1trating mixes, 1t has been ~ro-
posed that the sulphur1c ac1d component does not d1ffuse 1nto 
the crystalline microfibrils but acts purely as an intra-
fibrillar swelling agent, and this could lead to differences 
in DOS for -Ehe surface and bulk regrons since only in the sur-
face 1s sulphonation thought to be truly compet1t1ve with 
58 
nitration. Clark et al showed that sulphate esters only 
occur at the very surface (<50~) of the cellulose n1trate 
fibrils, although this fact is further discussed 1n Chapters 
Four and Five. 
Since the initial interaction of any radiation 
with a solid occurs at the surface, ESCA has also proved 1n-
valuable 1n the study of UV degradation and general weathering 
60 investigations of polymers. Hence cellulose nitrates have 
been studied59 by ESCA after exposure to controlled doses of 
UV light of known wavelengths. It has been demonstrated that 
the surface composition of these materials is altered consider-
ably by such exposure, resulting in a loss of nitrate groups 
and the introduction of a low binding energy rv400eV nitrogen 
species under certain condit1ons. Previously degradation 
studies have by necessity concentrated on the monitoring of 
. 61 62 the products by chemiluminescence techn1ques ' wh1ch take 
no uccount of the effect at the surface and the 1nteraction 
29 
of the degradation products with that surface. 
The degradation of cellulose n1trates are further 
addressed in Chapter Five of this thesis. 
1.6 Summary and Areas of Interests 
The previous sections of th1s chapter are necessarily 
br1ef but one is left wlth a number of important questions 
unanswered. 
T]l_e J,_n_t_e:raction of cellulg::;e fibres with re_Qg_ents 
(sol1d-liqu1d and sol1d-gas) for example is of 1mmcnse ~m-
portance ~n relation to a number of 1mportant reactions and 
ideas about the possible morphology and f1brillar structure 
of the fibres. How reagents diffuse into fibr1ls and the 
intent of their reaction is a process not yet fully understood. 
There is also a large gap in knowledge as to the absorption 
of plasticisers into cellulose nitrates and the sorption of 
other liquids known not to enter crystalline regions of the 
fibre. Some of these questions have perHaps been unfruitful 
because of the lack of a su1table technique such as ESCA, but 
also a lot of the past work is unrepeatable as chemists tended 
to treat cellulose as a readily categorised mater~al. It 
is now widely understood that the type and source of l1nters 
is a very important parameter. The whole question of cellulose 
morphology is poorly understood and the various models pro-
posed rarely fit all the data but are modelled on a particular 
set of experiments. 
13 The use of C solut1on state n.m.r. has proved inval-
uable 1n the elucidation of cellulose nitrates' bulk structure. 
30 
Such information has helped to resolve some of the aBomal1es 
encountered in the nitration-denitration equilibria. For 
example, are nitrate groups in part1cular positions on the 
chain resistant to denitration and does denitration take place 
preferentially alongside a residue already partly den1trated? 
The combination with X-ray diffraction significant advances 
can be made in structural determinat1ons. Also the d(llO) 
interchain spacing linked with the distribution duta may shed 
llght on the compJcx change·-> 1n rnlcroslructur<~ whtch occur 111 
nitruted and denitruted samples. 
The application of ESCA to analysis of cellulosic materials 
promises a great deal in the various degradation of such 
ma.terials, for example the UV, X-ray, gamma and thermally-
induced degradation. Only ESCA or other surface or1entated 
techniques offers any realistic means of monitoring changes 
at the surface, or surface orientated reactions. 
Therefore, there is a wealth of informat1on ava1lable from 
the individual application of ESCA and h1gh resolution solutio~ 
13c n.m.r. to more common techniques (e.g. X-ray diffraction), 
giving rise to a greater overall understanding of cellulose 
nitrates; a polymer whose potential was first realised in the 
eighteenth century. 
CHAPTER TWO 
ELECTRON SPECTROSCOPY FOR 
CHEMICAL APPLICATIONS 
31 
32 
2.1 Introduction 
Photoelectron spectroscopy was essentially developed 
during the 1950s and 1960s. 63 However it is only comparat-
ively recently that experimental difficulties in resolution 
and electron detection have been overcome, which has caused 
ESCA to emerge as one of the most versatile and potent tech-
niques for the investigation of the structure, bonding and 
reactivity of material surfaces. 
In essence, the ESCA experiment involves the measure-
ment of k~netic en~rgies of electrons emitted from a sample 
when that sample (gas, liquid or solid) is irradiated with a 
source of soft X-rays in vacuo. A spectrum may be obtained 
which exhibits a series of discrete bands which reflect the 
composition and electronic structure of the sample. 
Until Siegbahn63 and co-workers developed a spectrometer 
capable of hitherto unheard of resolution and accuracy, the 
full potential of ESCA was not appreciated. This increase 
in resolution enabled the Uppsala group to observe chemically 
induced shifts in the binding energies of the emitted core 
electrons. 64 From this observation, and also the work of 
Steinhardt et aL 65 which showed that the photoelectron peak 
intensities could be treated quantitatively, many more distinct 
chemical and physical effects have been observed. Thus from 
analysis of the various aspects of an X-ray photoelectron 
spectrum, a hierarchy of information levels becomes avail-
able (see Figure 2.1). 
It is this spread of information levels that makes ESCA 
such a useful technique which finds application in many areas 
of chemistry and materials science. 
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Figure 2.1 Information Levels Available from ESCA 
2.2 Fundamental Electron1c Processes 1nvolved 1n ESCA 
2.2.1 Photo1onisat1on 
When Cl molecule lS lrrCldlCltcc] w1th iJ rn(JnrJc~nf!ryc't 1 c 
beam of photons, photoeject1on of electrons w1th ~1nct1c ~n~r-
66 gies less than the photon energy results. The total k1net1c 
energy (KE) of the ejected electron is given by equat1on 2.1 
KE = hv BE Er ( 2. l) 
where h = Planck's constant 
v = frequency of 1ncident radiation 
B.E. = binding energy of the photoemitted electron. 
(defined as the positive energy required to 
remove the electron to infinity with zero 
kinetic energy) . 
Er = recoil energy of the atom or molecule. 
Us1ng Alk (l486.6eV), Siegbahn67 and co-
al,2 
; 
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workers have calculated that the reco1l energy of atoms de-
' creases w1th increasing atom1c number, e.g. H = 0.9eV, Ll = O.leV, 
Na = 0.04eV, K = 0.02eV and Rb = O.OleV. Generally the recoil 
energy is considered to be negligible for routine studies when 
using typical X-ray sources, e.g. Mgka and Alka How-
1,2 68 1,2 
ever, recent studies by Cederbaum and Domcke have shown that 
modification of the v1brat1onal band envelopes of l1ght atoms 
may also occur when using h1gh energy photon sources, e.g. 
using Agka (~22keV), the recoil energy of Li 1s 2eV. r.t 1s 
.. 
evident that 1n sucB cases the Er term must be taken into· 
account. Therefore, rout1nely equat1on 2.1 can he reducccl 
to equat1on 2.2. 
KE = hv BE ( 2. 2) 
The l1fetimes of the corehole states formed 1n 
such photoionisation events are typically lo- 13 - lo- 15 
seconds. 69 
It is 1mportant to understand the relat1onsh1p 
that exists between the experimentally observed b1nd1ng ~~er­
gles for sol1ds, and those obta1ned for free molecules as 
compared with values calculated theoret1cally 1n ah iniLio 
and semi-empirlcal LCAO-MO-SCF treatments. Th1s relation-
sh1p depends on the reference level (e.g. Fermi level, PLc) 
35 
wh1ch dlffers for conduct1ng and insulating systems. The 
problem of extract1ng absolute bind1ng energ1es is, 1n 
practice, avoided by the use of reference standards to cali-
brate the binding energy scale. 
2.2.2 Processes Accompanying the Photoionisation Event 
The 1n1tial photo1onisation event may be accomp-
an1ed by a variety of processes which may conven1ently be 
d1v1ded 1nto two categories depend1ng upon the t1me scale 
relati'Ze to the photoionisation events. Slow pro_cesq~es _suc:h 
as X-ray fluorescence and Auger electron emission have negl1g-
ible effects upon the kinetic energy of the photoejected elect-
70 
ron. l t . l t' 71-73 h k h 1, E ec ron1c re axa 1on processes, s a e-up, s ahe-
off, and the interaction of conduction electrons with the core 
hole occur on a similar time scale and result 1n ~ modification 
74-7L 
of tile k"Lnetlc encrqy of the photocm1ttcd clccLrrJn. 
schemat1cally 1n F1gure 2.2. 
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2.3 Features of ESCA Spectra 
2.3.1 Chemical Shifts 
The binding energies of core level electrons in 
an atom are essentially characteristic of that part1cular 
77 
element. The core level electrons are local1sed and 
t1ghtly bound and, as such, do not take part in bond1ng. 
They are, however, very sensitive to the local environment 
of .tn a tom; sm.-.11 changes in the chcm l ca 1 en v 1 ronment n I "" 
of the photoem1tted electrons. These sh1ft~, arc cll.tr<~CLL'r 1 ·;L 1 (' 
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of the presence of a particular structural feature within 
the surface of the sample. 
A study of the sh1fts in core levels as a 
funct1on of substltueBt for systems pert1nent to th1s thes1s 
are displayed 1n Table 2.1. 
Emphasising the close relat1onsh1p between 
theory and experiment in ESCA, a variety of approaches ex1st 
for the calculation of chemical shifts, inte~ alia. 
( i) 
(li) 
(iil) 
( iv) 
( v) 
(VJ) 
78 Koopmans• Theorem. 
- 7 9 ·so· Core Hole Calculat1ons (6SCF). ' 
81 Equ1valent Cores Model. 
67 M-adelung Charge Potent1al Model. 
. 82-84 Quantum Mechan1caJ Potent1al Model. 
Many-Body Formal1sm. 
A complete discuss1on of the theoretical basis 
of the physical processes involved in pNotoemisslon has been 
given by Fadley. 85 
2,4 Fine Structure 
There are t~ree types of splitting that could occBr 
in photoelectron spectroscopy. Each w1ll be cons1dero~ 1n 
J.rc; particularly rciC'vant to Lh1c; tile~··''·,. 
2.4.1 Mult1plet Spl1tt1ng 
The multiplet spl1tting of core levels results 
from the interaction of the spin of an unpaired electron 
result1ng from the photolOnlsatlon process w1th the sp1ns 
of other unpa1red electrons present in the system under 
t d 66,86 s u y. Many examples are to be found 1n the core 
87 88 level spectra of trans1t1on metal compounds. ' 
2.4.2 Spin-Orbit Splitting 
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If photoionisation occurs from an orbital which 
has an orbital quantum number (1) greater than 1 (~.e. p, d 
and f) then a doublet structure is observed in the ESCA 
spectrum. This doublet occurs from a coupling of the two 
magnetic momenta of the spin (S) and the orbital angular 
- - -
momentum (L) of the electrons to y1eld a total momenta(J).B'B,sg 
When spln-orbit coupl1ng lS weak compared to the electrostatic 
1nteract1ons then 
L + S = J (Russell-Saunders Scheme) 
lrVhere spin-orbit coupling is large with respect to the 
electrostatic interactions, then 
+ = J (J-j coupl1ng scheme). 
where j 1 = 
It can be shown that the Russell-Saunders coupl1ng 
scheme dominates for the l1ghter elements (up to the Lanthanldes), 
and the JJ coupl1ng scheme for ~eav1er elements. 
The 1ntensities of the signals in the doublet 
structure observed are proportional to the ratlo of the de-
generaclcs of the states whlch lS dcflned quantum '''cciJ<~n 1 c.Jl I 'I 
by the (2J+l) rule. 
The relat1ve signal 1ntens1t1es of the J states 
for the s, p, d and f levels are shown 1n Table 2.2. 
~ -
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TABLE 2.2 Intens1ty Ratios for Different Levels 
Orb1tal quantum number Total quantum number Intens1ty !0.t1o 
s 0 J={l±s) l/2 (2J+l)/(2J+l) 
no spl1tt1ng 
p l 1;2 3;2 l 2 
d 2 3;2 5;2 2 3 
f 3 5;2 7;2 3 4. 
F1gure 2.3 shows an example of the spin orb1t 
___ -~p_l_lt:tJ:-_:J'l<ll_n __ ~~p-a~ ~]:)_s§~ye_d ln the ~SC:l\ -~~p_e:t::lment. 
fl1 169 167 
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2.4.3 Electrostatic Splitting 
Some t1n, gold, uranium90 and thorium91 com-
pounds g1ve r1se to this type of spl1tt1ng wh1ch 1s attr1buted 
to the d1fferent1al interaction between an 1nternal electro-
static field and the spin states of the core level under in-
. 92 93 
vest1gat1on. ' Since most polymers are 1nherently amor-
phous the establishment of such fields is improbable and 
hence this splitting is unlikely to be seen in polymer systems. 
2.5 Sample Charg1ng and Energy Referencing 
"Sample charg1ng" ar1ses from the in;:~bil1ty of an Jn-
s ul;:~ t1ng sample to replace electrons J os t by plio to(•mr ·, ·~ 1 1 Jn. 
em1ssion current is balanced by the sample attrJcting elect-
rons from the sample backing or by the capture of stray 
electrons from the vacuum system. As a result the sample 
surface r1ses to a net positive potential; photoemitted 
electrons from the sample experience a net retardat1on and 
hence appear at higher binding energ1es. 
Chrrging may be detected by vary1ng the Incident 0Jc~tron 
flux on the sample us1ng a low energy electron fl (JOel •Jun., 
If charg1ng 1s present, th1s extra flux w1ll tend LIJ rrr(J,/1: 
the photoelectron peaks to a lower apparent b1nding energy. 
The use of flood guns is especially useful in work Involving 
94 
monochromatised X-ray sources·; here the secondary electron 
flux from the adjacent window of an X-ray gun is not present. 
In Its absence, Insulating samples may charge dramatically. 
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An alternative approach to the problem has been to 
illuminate the sample chamber Wlth UV radiat1on. Sufficient 
secondary electrons are generated from the sample chamber 
walls to reduce charging to a low level. 
For insulating samples, or samples not in electr1cal 
contact Wlth the spectrometer, energy referencing is not as 
stra1ghtforward as with conduct1ng samples which are 1n elect-
70 95 
rical contact with the spectrometer. ' This lS because 
1n insulating samples, the Fermi level is not well-deflned. 
the most fac1le method of circumventing the problems of energy 
referencing caused by sample charg1ng is by the usc of a 
su1table reference peak. The observed sh1ft 1n thts reference 
pea,k is then used to correct the b1nd1ng energJcs of other 
peaks observed in tfie spectra, and thus find their true bind-
ing energies. The most commonly used calibrat1on po1nt 1n 
polymeric systems lS the c1 s peak due to (~H 2 ) env1ronments, 
either inherent 1n the sample or in extraneous hydrocarbon 
deposited as a contaminant layer in high vacuum at 285.0eV; 
or the use of the Au 4 f level at 83.8eV if the sample has 
7;2 
been deposited on a gold substrate. 
A detailed study of the charg1ng phenomena of p0lymor~ 
96,97 has been made by Clark r·L uL. 
to be a very sens1t1ve probe of the outermosl few Lc~n·, rJf 
Rngstroms of a sample in its own r1ght. 
Surface modif1cation of a sample can lead to 1nterest1ng 
charging effects. For example, when polytetrafluoroethylcn0 
is bombarded w1th argon ions, loss of fluor1ne occurs from 
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the surface and there is a concomitant decrease 1n charging. 98 
S1m1larly, treatment of cellulose w1th trifluoroacet1c an-
hydride vapour causes increased charg1ng due to the presence 
of tr1fluoroacetate groups at the surface (see Ch~pter Six). 
2.6 S1gnal Intensit1es 
For an 1nfinitely th1ck, homogeneous sample, the 1n-
elast1c photoionisation peak intensity for photoelectrons 
or1g1nat1ng from a core level is g1ven by: 
where 
and 
di 
l 
I l 
F l 
a l 
= 
= 
= 
= 
F N k -x/"A. a . e 1 l l l .dx. 
99,100 
intens1ty ar1sinq from core level 1. 
exc1t1ng 1nc1dent photon flux. 
photo1on1sat1on cross-sect1on of the 
core level i. 
k 1 = spectrometer factor. 
( 2. 3) 
N1 = number of atoms per unit volume on wh1ch the 
core level lS localised. 
"A inelastic mean free path of the emitted 
l 
electron from core level 1. 
IntegLat1ng (2.3) g1ves, 
I 
l 
0 
r F~ N k e-x/Al dx. ) l l l 
I. = Fa.N.k.A.. l l l l l 
Exam1ning these parameters further: 
( 2 . 4 ) 
F, the X-ray flux depends primarily on the operat1ng 
power and eff1ciency of the X-ray gun, a , the cross-section 
l 
101 for photo10n1sat1on for a given core level, i, descr1bes the 
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probablllty that a core level Wlll be lOnlsed when lrrad-
lated by a glven energy, belng a functlon of the core level 
and the energy of the lncldent photon. a lS also depend-
l 
ent upon the angle of detectlon with respect to the angle of 
incidence of the lncomlng photons and is hence weighted to 
lnclude only those electrons emitted within the solid angle 
of the analyser lens system. The total photoionlsatlon 
cross-section, a , is given by, 
l 
TOT 
al 
4n ( 2. 5) 
where cp lS the angle between the lncldent X-rdys dnd the 
analyser entrance sllt (see Flgure 2.4). 
TOT lS the t t l t f th l l al o a cross-sec lOn o e core eve l, 
and 102 o the asymmetry parameter for t,hat level. 
"l For d 
given spectrometer ~ and hence a. is normally constant. The 
l 
cross-sections, a., may be calculated from atomic propertles 
l 
or determlned experlmentally. 
ki' the spectrometer factor lS an instrumentally de-
pendent parameter reflecting the efflciency of the detectlon 
system and the transmlssion of analyser to electrons of 
varlous kinetlc energles, and the solld angle of acceptance 
of the analyser. 
A , the lnelastlc electron mean free path, 1s dcf1ned 
l 
as the dlstance in the solld that electrons of a g1ven energy 
can travel before 1/e of them have not suffered energy loss 
through lnelastic colllslon. A· can be determined experl-
l 
mentally, 103 or calculated theoretically. 104 
A , is also a function of electron energy. 
l Hence elect-
rons of energy 80eV have A. ~ 4~, and those o£ energy ~4000eV, 
l 
A. "' 40~. 
l 
F1gure 2. 4 
ANGULAR STUDIES 
e 
surface layer 
x-ra 
d'\ bulk 
HoMOGENEous SAMPLE 
I = f(e)FCXNKA 
where F IS the x-ray flux 
[NHOMOGENEOUS SAMPLE 
-for the suface layer 
ex IS the cross sect10n for photo10n1zatwn 
N IS the number of atoms, on wh1ch I he 
core level 1 s local11f'd, per unit vnlurnc 
K IS a spectrometer dependant factor 
A IS the mean free path of the electrons 
I= f(e)FrxNKA (1-e-d/Acos~) 
-for the bulk 
1 = f(e)Fcx NK). e-diJ.. cose 
Schematic of sample geomet£Y_£elatlve to the 
X-ray sou~ce and analyser. 
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Another useful quantity is the sampl1ng depth, L.e. 
the depth from which 95% of the signal from a g1ven core 
level 1s der1ved. 
Sampling depth 
l 
'\., 
= -A.ln0.05 "-' 3,\ 
l l 
( 2. 6) . 
Th1s is a useful quant1ty when d1scuss1ng the surface sen-
s1t1v1ty of ESCA data. 
F1nally, Ni, the number of atoms per un1t volume on 
which the core level is local1sed. It can eas1ly be seen 
from equation 2.5, that the relative intensities of core 
levels w1ll be related to the overall stoichiometry of the 
atoms 1n the surface. Hence, for two core levels, i and J 
I 
l 
I 
J 
= 
Fa N k >.. 
l l l l 
Fa N.k A 
J J J J 
( 2. 7) 
If 1 and j correspond to d1 ffcrcnt chem1cul C'nVJ nmmr!nU-, · 
of the same core level, then 
If, 
I. 
l 
= I. 
J 
however, 
N. 
l 
N. 
J 
= 
N. 
l 
N. 
J 
i 
I. 
l 
I 
J 
-:f j 
(Fa.N.k.>. 
l l l l 
then, 
[ 
k.a.A.l J J J 
k.a.>. 
l l l 
Fa N.k.>..) = J J J J 
The bracketed quantity, 1s known as the sens1t1v1ty 
fuctnr, .1nd c;1n he- rletcrmJncd experimentally fro111 · .. tnq>l•"· 
(JI I Jt<>Wlt .L<>J• It 1<1111<'1 r-y. 'I'll<·',[' <JII.!J,II I I )C'', .)) (' ·I" (I 1<1111<'1< I 
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2.7 Analytlcal Depth Proflling 
It can easlly be seen from equat~on 2.4 that the saf(lp-
l~ng depth of the sample can be altered by chang~ng 0, (i.e. 
the angle of the escaplng electrons Wlth respect to a 
direction normal to the samples surface - see Flgure 2.4). 
Hence electrons emitted from a point a depth d below the 
sample's surface thus travel a distance dlcose in the sample 
to escape. Due to the short mean free paths of electrons, 
by varying the "take-off" angle (8) lt lS posslble to analyse 
electrons o~iginating from surface and sub-surface reglons of 
105 the polymer. This relationship only applles to flat sur-
faces. In thls thesis, the majority of the samples are 
fibrous and hence analytical depth prbflllng via take-off 
angle measurements lS lnvalld. 
To enable depth profiling of f~brous or powder samples 
a further two techniques can be employed. The flrst ~s to 
use Tik X-ray radlatlon (4510eV). If thls radiatlon lS 
al,2 
used, the klnetlc energies of the emitted electrons from the 
same levels as studied with the softer Mgk source 
al,2 
(1253.6eV), Wlll be correspondingly higher and hence possess 
a greater sampling depth (equatlon 2.6). 
Given the same excitlng photon energy, the ratlo~ng of 
two core levels from a given atom (e.g. the o1s and essentlally 
core-llke o2s) Wlll serve as a measure of the vert~cal homo-
genelty of the surface. 
Thus from a comblna tlon of var~able take-off ang lc m~. ts u r1 ·-
ments over a serles of levels and by the use of a var~ety of 
X-ray sources, a depth profile of the distribution of varlous 
components in a surface may be built up. 
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Often in the analysis of polymer surfaces by ESCA the 
situation is encounte~ed where the composition of the surface 
layers dlffers from that of the bulk or subsurface; there 
may be a smooth gradient from a surface composit1on to the 
bulk compos1tion w1th depth, or more commonly, a contamin-
ation layer may be present on the surface. The latter case 
shall now be considered theoretically, from wh1ch a treatment 
of the former may be developed: 
Consider the case as shown in Figure 2.4, where an over-
layer of depth d, of differing composition to the substrate, 
1s present. 
The s1gnal ar1s1ng from the overlayer alone can be ex-
pressed from equat1on 2.3 on 1ntegrat1on between the l1rn1ts 
x=O to x=d. 
= Fa.N.k A. (l-e-d/A 1 ) l l l l 
By integrating between the limits x=d to x=oo, the 
signal arising from the substrate is: 
1 ~ub 
J = 
Fa.N.k.A. (e-d/Aj) 
J J J J 
Equat1ons 2.8 and 2.9 are derived in the case where the 
( 2 • 8) 
( 2. 9) 
photoelectrons escape normal to the surface. F n Jfll I·' 1 q u rr~ 2 • 1 
1 t lS ev1dent that these equa t1ons ct.ln become c:mg1~ I d r l y de-
pendent, 
& • e. 
and 
1~ver 
l = 
Fa.N.k A. (l-e-d/A.icOS8) 
l l l l 
Fa N.k A.. (e-d/Ajcose) 
J J J J 
( 2. 10) 
( 2. 11) 
Thus, it can be seen that as e~n/2, the signals der1ved 
from the overlayer come to dominate the spectra. Slmilarly, 
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by us1ng a harder X-ray source (e.g. Tik ) , F and A 
a.l,2 
increase giving the same effect as changing the angle. 
Thus the attenuat1on of a signal derived from the substrate 
by an overlayer will depend strongly on the k1net1c energy 
of the photoem1tted electron. Th1s will be d1scussed further 
in Chapter S1x. 
2.8 Linewidths and Lineshape Analys1s 
-ESeA spect-ra have large inherent linewidths comparable 
in magnitude to the magnitude of the chemical shifts in the 
69 
system. The dominating contribution to broad linewidths 
comes from the inherent linew1dths of the polychromat1c X-ray 
photon source normally used. 
The measured l1new1dth for a core level may be e::.rprcsserJ 
as a convolut1on of several effects. 
where LiE 
m 
= 
(2.12). 
observed full w1dth at half max1mum (FWHM) 
of the photoelectron peak. 
the FWHM of the exciting X-ray source ca. 
0.7eV for Mgk . 
a.l,2 
LiE = spectrometer contribution to the FWHM (i.e. 
s 
analyser aberrations, slit widths etc.). 
LiEcl = natural line width of the core level. Th1s also 
includes solid state broadening effects not dir-
ectly associated with the l1fe-t1me of the core-
Ill 1.111 '"' 
<..:llVJrOlllliClllS. 
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The inherent broad linewidths necessitates the use of 
curve-fltting procedures for accurate lineshape analysis to 
delineate the core level environments within a g1ven envelope. 
The convolutions to the overall l1ne shape of the X-ray source 
and the core-level are essentially Lorentz1an 1n character, 
however the spectrometer resolution function represents a 
Gauss1an contr1bution67 to the overall l1ne shape. The con-
volut1ons of these factors leads to a hybr1d shape wh1ch 1s 
essent1ally Gaussian with some Lorentzian character in the ta1ls. 
For insulators, 1t has been shown that the assumption of a pure 
Gauss1an l±neshape introduces only a small error in the -line-
shape analysis. 
In the analys1s of peak profiles both analogue and 
d . t 1 'd '1 bl 66 ' 70 1gx a a1 s are ava1 a e. Such systems allow close 
control to be exerc1sed over the pos1t1ons, w1dths and he1ghts 
of the component var1ables. However, such curve-f1tt1ng 
procedures requ1re a sound theoret1cal background to obta1n 
meaningful results; the solutions produced are rarely tlnique 
and must be examined in a chemical content. 
In the work in th1s thesis, curve-fltting has been per-
formed both by analogue simulation (using a Dupont 310 curve 
resolver) and digitally, (using the data analys1s software of 
the DS300 data system) . 
The work presented in th1s thes1s was carr1ed out on 
two spectrometers, an AEI ES200AA/B and a custom1sed KRATOS 
ES300 spectrometer. Details of these electron spectrometers 
are presented in Append1x One of th1s thes1s. 
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2.9 An Appraisal of ESCA 
ESCA 1s an extremely powerful tool with w1de rang1ng 
appl1cab1lity. The pr1nciple advantages of the tecRnlque 
may be summarised as follows: 
( l) The sample may be solid, liqu1d or gas. The 
-3 
sample sizes are small, e.g. 10 g for sol1ds, O.lwl for 
liquids and 0.5 cm3 for gases at STP. 
(ii) The te~hnique is eSSE:!_ntj.al_ly non-destrt1fJ:.JYE:!· 
(iii) The technique is independent of spin propert1es of 
the nucleus and can be used to study any element Z>2. 
(iv) Mater1als may be studied in situ eas1ly. 
(v) ESCA prov1des a large number of 1nformat1on levels. 
(Vl) ESCA has a higher sens1t1v1ty than many other 
analyt1cal techn1ques as shown 1n Table 2.4. 
TABLE 2.4 Sensitivities of Various Analyt1cal Techn1ques 
Bulk Technigues Minimum 
Infra-red absorption 
Atomic absorption 
Vapour Phase Chromatography 
High Pressure L1qu1d Chromatography 
Mass Spectrometry 
Surface Techniques 
ESCA 
Neutron Activation Analysis 
X-ray FluorescAnce 
/\11<)1'1 l',llll',',lllll '•j>l'( t<lllll'[l y 
Scconddry lon MJ:..,::-. :-;p8clromctry 
Detectable Quant1ty 
l0- 6 
l0- 9 
10- 3 
lo- 6 
lo- 9 
10-10 
10-12 
lo- 7 
-I r, 
It, 
- IIJ I ( l 
-I ' I 0 ' 
-
l0- 2 
-
l0- 7 
-
lo- 9 
-
10-15 
(g) . 
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(vil) The data lS often complementary to that obtained by 
other methods. 
(viii) ESCA has the capability of distinguishing surface 
and subsurface or bulk ln solids. 
(ix) The information from ESCA relates to the binding and 
molecular structure of the molecule. This allows a thorough 
analysis of the electronic structure of the system to be made. 
(x) The theoretical basis lS well understood. 
ab initio investigations are possible. 
The disadvantages of ESCA are few: 
Hence 
(i) The purchaslng cost and maintenance are high. 
(ii) Spatial resolution is poor; ~o.3 cm2 is normally 
sampled. 
(iil) If the surface dlffers from the bulk, lt lS not 
posslble to say anythlng about the bulk structure by means of 
ESCA without sectioning the sample. 
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CHAPTER THREE 
THE NITRATION AND DENITRATION 
OF CELLULOSIC MATERIALS: 
A TIME DEPENDENCE STUDY 
3.1 Introduction 
A considerable volume of literature has appeared over 
the past eighty to ninety years concerning the technical 
nitration of cellulosic materials. 4 ' 30 Although both the 
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displacement8 and "technical" processes 8 have been thoroughly 
investigated, there still remains a surprising number of 
important, fundamental questions left unanswered. It is, 
however, generally accepted that in most conditions employed 
in the technical nitrations (media, temperature, eta.) the 
final bulk DOS is governed by thermodynamics as opposed to 
an accessibility argument. 
It is not inconceivable that cellulose nitrates of the 
same degree of substitution prepared by displacement or 
technical processes may be structurally different according 
to the nitrating and quenching procedures employed. 4 This 
has, in fact, recently been suggested by results of Lewis 56 
from optical path difference measurements. The role of the 
quenching and stabilisation procedures in cellulose nitrates 
will be discussed in Chapter Five of this thesis. As out-
lined in Chapter One, Clark and Stephenson43 ' 45 made advances 
into the structure of nitrocelluloses prepared via nitration 
and denitration, using high resolution 13c nuclear magnetic 
resonance techniques, ESCA and X-ray spacings. These studies 
have shown how this combination of techniques has led to 
additional insight into the kinetics and mechanism of surface 
versus bulk nitration and denitration of cellulosic materials. 
The investigation of nitration-denitration reactions of 
cellulosic materials as a function of time particularly over 
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extended periods has a long and chequered history. Us1ng 
classical microanalytical techniques, Berl and Klaye 26 showed 
that in a mix of composition 60% H2so4 , 22.5% HN0 3 , 17.5 % 
H20, denitrated mater1al of high starting degree of sub-
stltution and unn1trated material reached the same DOS after 
a period of a few days at room temperature. The DOS de-
creased with sample d1s1ntegration after extended periods of 
fifteen days or so. 
28 29 . 0 Demoug1n and Bonnet extended th1s work and showed 
that nitration and denitration 9ave ma~~r~als wi~h the same 
DOS after a certain length of reaction, but there was a trend 
to lower DOS for both the initially unsubstituted and n1trated 
materials after extended periods of time > 20 days 1n a m1x 
26 1dent1cal to that employed by Berl and Klaye. The comp~r-
1son between these two studies emphas1zes the dependence of 
the stability as a funct1on of time on the character1st1c mole-
cular weight d1str1bution, phys1cal form (e.g., paper, l1nters, 
etc.) of the samples employed. 
In this chapter, 13c nuclear magnet1c resonance spectra-
scopy, ESCA, scanning electron microscopy, X-ray diffracto-
metry and micro-Kjeldahl analyses are used to invest1gate the 
time dependence of the surface and bulk, gross and f1ne 
structural features of cellulosic mater1als exposed to n1t-
ration and den1trat1on 1n a med1um of given compos1t1on. 
3.2 Experimental 
Inthis section the basic procedures for preparation of 
nitrated and den1trated material used throughout the work 
NITRATION 
4114cm strips irntMrsed 
., Nrtroti~ acid by 
frame or 114itcholl method. 
I 
After .-cfic hme, stnps 
or• romoved from mix, 
squoezed frH of acid 
on o Buchner tunn.l and 
quonched rn 111 '"' of 
water at 5°C 
I 
Nitracolluloso IS washed 
In 3 • 500 mill. of cold 
wo.., and further 
bolktd for 2-3 hours. 
I 
Drying procoedur«t os 
=ove. ESC A «<'d K jOidahl 
a:nat,sitl corrlod out. 
NITRATION • OENITRATION PROCEEOURES 
CelluiOH pop..- type 1 
Ex M.OD drlod at &0° 
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I 
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nitratlon and denitration 
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presented in this thesis are outlined. It is 1.mportant 
to specify both the source of raw cellulose and the methods 
used to n1.trate s1.nce both can be a major source of varJ.ab-
4 l.ll.ty. 
The general procedures are ind1.cated schematlcally in 
Figure 3.1. 
Commerclally produced, (Hercules Powder Company), 
linters (in the form of linters or papers) were used. The 
or1ginal cotton of American origin was dewaxed and depectinised. 
A Shirley flu1.dity of 8.8, and approximate degree of polymer-
isation 1100 was recorded for the linters whlch were vacuum 
0 drled at 60 C for two hours and stored over phosphorus pent-
ox1.de for several days before use. Thls prov1des a stilrtlng 
cellulose Wlth <2% water content. 
Nitrations and den1.trations were accompl1.shed by 
immersion in the appropriate acid mix of sample str1.ps for 
a given period of time using an apparatus such as that de-
picted in Figure 3.2. The starting material for denitration 
used in this study were prepared in the Mitche11 33 mlx and 
gave a 2.83 DOS cellulose n1trate. The react1on (nltration 
and den1tration) was accompllshed ln an ac1.d mix of composlt-
Bulk nitrogen determinations have been carr1.ed out us1ng 
a modif1ed mlcro-Kjeldahl techn1.que (see Appendix II). 
13 The C spectra were recorded on (a) a Varlan IIL200 
spectrometer, proton no1se decoupled (75.5 MHz); typlcill 
acquisition time of ~12 hours, or, (b) a Bruker WH-360 spectro-
meter, proton noise decoupled (90.56 MHz); typical acquisition 
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Figure 3.2 Apparatus used for the nitration of cellulose 
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tiroes of ~16 hours. In both cases, 10% by weight solutions 
of the polymer were made up in dimethylsulphoxide-d6 . The 
carbon chemical shifts are reported with respect to the in-
ternal tetramethylsilane (TMS, Me 4si) reference. Area ratios 
were determ1ned from the analogue spectrometer outputs by 
tracing and weighing. 0 Low temperature (25-29 C) n.m.r. 
spectra were recorded, but were found to be broad and show 
poor resolution due to the solution's high V1scos1ty. Hence 
high temperature (~80°C) conditions as used by wJ6were em-
ployed. This high temperature gave discoloured solutions 
and additional small peaks on long acqu1s1tion times (c.f. 
data in ref. 46). 
The X-ray diffractometer employed was a Phillips P.W.ll30 
3kW X-ray generator incorporating a P.W.lOSO d1ffractometer 
assembly (Cu tube operating at ~40kV, 25mA). The record1ngs 
span from 4° 1n 20 to 20° in 28 and the mean d(llO) spac1ny 
lS taken as tbe centre of the peak occurr1ng at around 12° 
in 28. 
The ESCA spectra were recorded on an AEI ES200 AA/B and 
a customised Kratos ES300 electron spectrometer, employ1ng a 
Mg anode, as outlined in Appendix I. 
3.3 Results and Discussion 
3.3.1 Deta1lcd Studies of Surface N1trat1on .1nd IJ<'nJLr.lllr>n 
expcr1mcnts drc cx.1ctly '->Lmilar tn o~ll respects c•xccpl Ll~t· 
form of cellulose used. In the prel1minary exper1ment cellulose 
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was taken in the form of papers (type K300 cellulose). In 
the latter, more precise experiment, cellulose Type K300 
l1nters were used and were pressed into 20 mm d1scs us1ng a 
standard Specac press (type 25.011) before analys1s V&a ESCA. 
Figures 3.3 and 3.5 show the dependence of surface DOS against 
time for both sets of data. 
Considering the nitration of cellulose papers 
shown in Figure 3.3, it l.S clear that w1th1n exper1mental 
error, the DOS w1bh1n the top 5oR 1s establ1shed after one 
hour at ·1.2. 2. However after four days there is a drop Ln 
the surface DOS. The sample after 168 hours 1s phys1cally-
degraded and appears as a powdery material. F1gure 3.4 shows 
spectra after two hours and 168 hours nitrat1on. It is 
evident from these spectra that the sample's surface chemistry 
is similar, i.e. the sample after 168 holirs 1s not chem1cally 
different, but physically different from that ~2 hours. 
The sample after one hour n1trat1on t1me has a 
particularly low surface DOS. It has been shown by Clark 
11 
and Stephenson that the surface DOS 1s reached w1th1n one 
second and 1s ma1nta1ned for react1on t1mes up to ''·4 hours. 
The react1on at one hour was repeated several times, and gave 
in each case a lower DOS than expected. It was noticed that 
this sample when taken out of the reaction mixture was 
brittle and very difficult to mount on a sample probe tip. 
It must be stressed that this brittleness is not due to 
localised heating effects that may take place 1n the quenching 
and stab1l1sat1on procedures, but 1s a product of th1s part1~-
uL1r uCl<l med1.1 ancl t1mc. The samples .:1t Clthcr SldC' of onf~ 
hour n1tro~t1on time arc nonn.tl Ln respect to thcJr- pllysic,d 
character1St1cs. 
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In the initial stages of the react1on the 
changes in interchain spacing (see later) in the surface 
and sub-surface will be different than for the deep bulk. 
These differences in dimensions could physically be the 
basis for internal stress and this may be rel1eved by 
cracking. 
Scann1ng electron micrographs of the samples 
after one hour and 2 hours were taken. These are shown 1n 
Plates 1 and 2. It can be clearly seen that the sample 
nitrated for one h?ur h~§ ba~g~ crevi~~s no~mal tQ th~ tip~~ 
axis. It is these crevices that must lead to the brittle-
ness of this sample. Further discussion of this 1nteresting 
phenomenon will be addressed later 1n this chapter. 
The denitration reaction in this study 1s shown 
1n F1gure 3.3. It is ev1dent that denitration of ~ 2.33 DOS 
cellulose n1trate reaches the same surf~cc DOS de~ or th<lt pro-
duced via n1trat1on after 2 hours. From th 1s cxpcr unen t L t 
may be deduced that the nitration-denitration equ1libr1a 
involved is thermodynamically controlled 1n the top 50~ of 
the surface and that the nitration of cellulose and the de-
nitration of cellulose nitrate is a truly equilibrium react1on. 
This point will be addressed at a later stage of this chapter. 
In a subsequent, more precise experiment the 
surface n1tration-den1tration of cellulosic mater1al was per-
formed. The cxpcr1ment is slmll..-lr to that pn:VJ()tJ·,Jy lllt'lll l<liH·d, 
<'X<'<•pL !lw pl1y·.J<.al ror111 ol Ill<_' <'<'IIIII()',<' J', <~ll<·t"l (t •.• 
'I' h c q r d ph s o I UO~-. 1'' r • •. 11 : L 1 1111 ~ 
are depicted 1n Figure 3.5 for the nitration and denitration 
reactions. 
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Clearly the nitration of cellulose graph shown 
m1rrors closely that shown in Figure 3.3. However, it is 
the denitration cycle that differs markedly, in that the 
surface DOS plateaus out at a DOS of 2.5 for react1on t1mes 
less than seven hours. After seven hours the DOS becomes 
similar to that shown in the previous exper1ment. The 
plateau at a DOS of 2.5 must 1ndicate the role of the cellulose 
physical character1stics, i.e. linters, as opposed to paper 
cellulose, must play a large part in the 1nit1al stag2s of 
the reaction presumably due to diffusion of the acid media 
Agaln, the low DOS at one hour nitrat1on time 1s 
prevalent and electron micrographs show the crev1ces withln 
the sample. 
Further discuss1ons of these f1nd1ngs ~rc pre-
sented in Sect1on 3.3.2. 
3.3.2 Detailed Studies of the Bulk Nitration and 
Denitration 
In this section, 13 C n.m.r., X-ray d1ffractometry 
and micro-Kjeldahl analytical techn1ques have been used to 
mon1tor the bulk n1tration and den1trat1on of cellulos1c 
mater1als. The samples used are those descr1bed carl1er in 
Sect1on 3.2. 
It is pertinent to review the methods used 1n 
analysing the 13c n.m.r. spectra and X-ray d(llO) spac1ngs, 
before considering the data. 
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As was alluded to in Chapter One of this thesis, 
one of the most intriguing aspects of the n1tration and de-
nitrat1on of cellulosic materials is the substant1al change 
1n interchain spac1ngs (d(llO)) as a funct1on of degree of 
b . . 10 su st1tut1on. The fact that such spacings differ for 
materials of the same DOS produced by either nitration or 
denitration must reflect the detailed differences 1n chemical 
microstructure and substitution patterns in indiv1dual and 
sequences of S-O-glucopyranose residues. 
The first indication that equilibrium DOS at differ-
ent sites in the glucose residues were not the same, came 
108 from the iod1nat1on exper1ments of Murray and Purves. By 
specifically d1splacing pr1mary nitrate esters by lod1dc, 1t 
was shown that the part1al DOS for the pr1mary (C6) s1Lc in 
any cellulose nitrate was always greater than that for the 
secondary s1tes (C2 and C3). However, with mater1als of 
DOS>2, considerable degradation occurs during the reaction. 
An important advance in this area has recently 
46 been reported by Wu in an n.m.r. study. It has proved 
possible to ass1gn the components in the reg1on of ~100 ppm. 
to the low f1eld of TMS, to the anomeric (Cl) carbon 1n the 
variously substituted glucose residues. Th1s demonstrated 
unambiguously that the equillbr1um p,lrtldl no~; I'. In tiH' 
order Cf),C2 Cl. An analyst~ based solely on LIH· o~tl<>lll<'t t! 
carbons has certa1n 1nherent weaknesses wh1ch can Larg~ly bE· 
elim1nated by using the remainder of the 13c data or1g1nating 
47 from C2-C6 once appropr1ate ass1gnments of Clark and Stephenson 
have been made. 
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The spectrum shown in Figure 3.6 (the spectrum 
1s for a nitrated material for 2.5 hours in acid mix 60% 
H2so4 ; 22.5% HN0 3 ; 17.5% H20) has been assigned. The com-
ponents at 99.7 and 98.4 ppm. are well resolved and assigned 
to the anomeric carbon 1n trisubstituted and 2,6-disubstituted 
res1dues respect1vely. The component at 85.2 ppm. arises 
from C3 1n 3,6-disubstituted gltlcose res1dues wh1lst the 
component at 83.2ppm. corresponds to C2 1n 2,6-dlsubstituted 
glucose residues. As will become apparent, the Nuclear 
Overhauser Enhancements (NOE) for Cl-C5 are essentially the 
- -- --- - ---
same so that the ratio of the peak areas allows the direct 
determination of the ratio of disubstituted products. Taken 
in conjunction with the total integral for the lowest field 
reg1on for the anomer1c carbons and the area ratios for the 
two higher f1eld components, th1s allows a part1t10R1nq of 
substitut1on pattern 1nto tri-, di-, and monosuostttutcd 
glucose res1dues. The 1ntense components at 80.2, 79.1 and 
76.9 ppm. are then assigned to C3, C4 and C2 respectively, 
in the trisubstituted glucose residues. The m1nor component 
at 74.5 ppm. arises from C2 in the 3,6-disubstituted residues 
and its intensity is the same as that of the component at 
85.2 ppm. arising from C3 in the 3,6-disubstituted res1due as 
required by this assignment. It should also be noted that 
the intensity of the coiTlponent at 83.2 ppm. ar1s1ng from C2 
1n the 2,6-d1subst1tuted res1dues 1s the same d'-> th;1t <)f- th(· 
h1ghcst f1eld component of the anomcr1c carbon req1on, .t<J<~In 
as requ1red for a cons1stent assignment. T\;Je 1ntensc peak 
at 71.6 ppm. corresponds to C6 nitrated material (shift in-
sensitive to remaining substitution pattern) and to CS which 
' !.£_ 
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is coincident in frequency. Since one would anticipate 
that C5 would have a comparable NOEto C2-C4 one may sub-
tract the ratioed intensity of the C5 component from the 
total integrated intensity for the component at 81.6 ppm, 
and thls provides an estimate of the correctlng factor to 
account for the unexpected difference ln NOE for the methy-
lene group of C6. The factor of 1.5 derlved from thls 
analysls has then been used to estimate the extent of non-
nitrated glucose resldues 1n approprlate cases from an analysis 
of the component at 60.5 ppm. assigned to C6 (-CH 2-0H). 
With respect to the anomalous X-ray d(llO) lattice 
spaclngs it is interesting to address the available data for 
information pertaining to sequence dlstrlbutlon ln cellulose 
nitrate chains. 10 Trammel has suggested that material pre-
pared by denltratlon of hlgh DOS materlal lS llkely to consist 
of large chaln segments of fully nitrated matcr1al adJ~ccnt 
to segments of unnltrated glucose reslducs. 'l'hu'--., tt was 
postulated, tha~ denltratlon lS more probable ln rcstducs 
adjacent to those already of low DOS. 
47 Clark and Stephenson addressed this important 
and interesting question and using a knowledge of the asslgn-
ment of peaks in the 13c n.m.r. spectra, have modelled the 
most probable octad sequence distrlbutlon patterns. For a 
sample of cellulose nitrate (1.9 DOS) prepared by nltratlon 
in an ac~d m~x 53% HN0 3 , 20% H2so4 il.nd 27% H2o, the dJstr~butHm 
ddt-.1 fru111 tJH· JJ(' ll.lll.r. olni1lysiS 1:,: 
/ , (, M1 Ill'> II II'' I II)'. I I I II I I ·d . 
36 23 14 10 17 
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The analysis can be simplified approximately in 
terms of decad sequence viz. the ratio of tri:2,6~3,6:6:unsubst. 
is approximately partitioned 4:2:1:1:2. On the basis of 
a random substitution pattern one would predict a probabil1ty 
of 0.5(5/10) that a 3,6-disubstituted residue in this material 
would be adJacent to another 3,6- or trisubstituted residue, 
i.e. have a nitrate ester group at the C3~ position. However, 
the integrated area rat1o reveal a probability close to 0.25. 
The calculation was repeated for the peak at highest field in 
the anomeric region (~98 ppm.) due to Cl in 2,6-disubstituted 
residues. Again the probability due to random substitution 
did not correlate with the integrated area ratios. Hence 
47 Clark and Stephenson concluded that the substitution is far 
from random, and that the nitrate ester equil1briBm fovours 
short blocks of fully substituted res1dues w1th short blocks 
of lower DOS res1dues. Th1s is not unreasonable s1nce Clark 
et az 45 have prev1ously argued that the rate constants for 
nitrate ester formation at a given s1te in a glucose res1due 
must increase as the DOS increases in that res1due. By the 
same token, substitution in adjacent residues may well there-
fore increase the rate of nitration such that a block structure 
develops. 
In this section, we shall cons1der a 13c n.m.r. 
1nvestigat1on of the time dependence of the gross and f1nc 
structural features of celluloslc mater1als exposed to n1t-
ration and denitration in a medium of given compos1tion. 
Figure 3.7 shows typical high resolution 13c n.m.r. 
spectra for cellulose papers (K300), nitrated and denitrated 
for one hour (a) and 48 hours (b) respectively. The spectra 
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Figure 3.7 13c n.m.r. (75.5 MHz) solution spectra of 
samples denitrated and nitrated for (a) 1 h~~E, 
and (b) 48 hours. 
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Figure 3.8 Block Histogram of nitrate ester formation 
by nitration or denitration over long pe~iods 
of time 
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(a) after one hour of reaction clearly shows the much h1gher 
DOS for the denitrated mater1al, and even after 48 hours when 
the DOS are closely similar (2.4 den1trated versus 2.3 nitrated), 
the spectra clearly reveal significant d1fferences 1n mlcro-
structure. 
The analysis of the spectra provides the inform-
ation displayed in F1gure 3.8 where the contribut1on to the 
var1ous substitution patterns are noted. Den1tration 1s 
seen to involve the conversion of 2,3,6-trisubstituted re-
sidues into 2,6-, 3,6-, and 6-monosubstituted residues. How-
ever, after extended periods of exposure some unsubstituted 
residues appear. It has previously been concluded that de-
nitration of the 6-mononitrate ester is kinetically quite slow 
and hence for short periods of reaction the unsubstit~ted 
glucose residues are not observed for den1trated mater1al. 
In contrast to this behav1our, 1t has prev1ously 
been alluded that 1n nitrat1on the presence of a n1tr~tc ester 
res1due act1vates the hydroxyl groups 1n the same glucose 
residue towards n1trate ester format1on. In consequence, 
there is a slow reduction in the contribution to the overall 
13c n.m.r. signal from the unsubstituted glucose res1dues. 
In denitration, the samples appear to reach a 
plateau in composition after ~2-4 days' exposure with a marked 
decrease in DOS for those samples exposed to the ac1d mix 
after one week. The nitrated samples also show a pl.1 tr~.ltl 
over a pl'r Lod of ,, week. 'l'hc ~~amp lc:; (c 1 th{~r n 1 I rt~L1•d or 
denitrated) retr1eved from the ac1d m1x after one week were 
extensively degraded and were powdery in form as opposed to 
the original fibrous papers. 
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Also, in comparison with Figure 3.3, the de-
nitration is seen to differ markedly in the bulk than the 
surface data over the first few hours. This fact has been 
109 
not1ced prev1ously by Stephenson when using mixed ac1ds. 
It is also clear that the bulk DOS after one 
hour nitration, is again lower than expected and must re-
fleet the d1fferent physical characteristics of th1s mater1al. 
The identical experiment was conducted with 
13 
cellulose (K300) linters, and the C n.m.r. analyses com-
pared with a consideration -of the X-ray d (-1:1:0) spac1ngs and 
micro-Kjehdahl analyses. 
The component analyses are shown 1n Table 3.1 
for the n1trat1on and den1trat1on of the cell ulos1c rndter t.tl, 
and the X-ray spac1ngs and Kjehdahl anQlyscs ~n TJble 3.2. 
It is clearly seen from Tables 3.1 and 3.2 that the 
bulk DOS measured via a mlcro-Kjehdahl analyt1cal tecnn1que 
(see Appendix II) is identical to that calculated from the 
13 
component analysis of the C n.m.r. data. 
Consideration of the samples prepared via de-
nitration shows some very interest1ng features. Ag<:nn l t lS 
seen from Table 3.1 that denitrat1on involves the convcrston 
of the 2,3,6-trlsubstltuted glucose res1dues to 2,n-cl1; 
3,6-di and 6-monosubst1tuted res1dues. It lS 1ntcrcsttnq to 
note the rap1d1ty w1th wh1ch den1tration 1s seen to occur. 
Within the first 5 seconds of immersion 1n the acid mix, the 
equilibrium DOS is established. The 1nitial sample contain1ng 
85% of trisubstituted glucose residues has reached a value of 
63% with1n f1ve seconds, with the large increase of 0% to 9% 
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TABLE 3.1 Component Analysis from l3c n.m.r. 
Nitration 
T1me 2,3,6-tri 2,6-di 3,6-dJ. 6-mono tmsubst. DOS. 
30 min. 0. 30 0.28 o. 21 0.14 0.07 2.0 
1 1-lr. 0.34 0.28 0.21 0.12 0.05 2.1 
2.5 hr. 0.41 0.27 0.17 0.12 0.03 2. 2 
7 hr. 0. 46 0.26 0.16 0.09 0.03 2. 2 
24 hr. 0.48 0.25 0.14 0.10 0.03 2.3 
48 hr. 0.41 0.23 0.17 o. 16 0.03 2. 2 
72 hr. 0.33 0.31 0.18 0.13 0.05 2.1 
96 hr. 0.42 0.28 0.16 0.11 0.03 2.2 
120 hr. 0.42 0.27 0.15 0.13 0.03 2.2 
144 hr. 0.33 0.25 0.18 0.23 0.01 2.1 
168 hr. 0. 42 0.29 0.15 0.12 0.02 2.2 
Denitration 
0 0.85 0.10 0.05 0.00 0.00 2.8 
5 sec. 0.63 0.14 0.11 0.09 0.03 2.5 
30 sec. 0. 60 0.18 0.12 0.07 0.03 2. 5 
60 sec. 0.61 0.17 0.12 0.07 0.03 2.5 
30 m1n. 0.68 0.11 0.10 0.08 0.03 2.5 
1 hr. 0.62 0.14 0.13 0.09 0.02 2.5 
2.5 hr. 0.64 0.16 0.13 0.05 0.02 2. 5 
7 hr. 0.62 0.18 0.13 0.02 0.05 2.5 
24 hr. 0.59 0.19 0.12 0.07 0.03 2.46 
48 hr. 0.51 0.19 0.17 0.09 0.04 2. 3 
72 hr. 0.46 0. 22 0.15 0.11 0.06 2.2 
96 hr. 0.57 0. 20 0.13 0.06 0.04 2.4 
120 hr. 0.57 0. 20 0.14 0.06 0.03 2.4 
144 hr. 0.52 0.22 0.13 0.10 0.03 2.35 
168 hr. 0.41 0. 20 0. 20 0.12 0.07 2.1 
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TABLE 3.2 
Nitration Denitration 
Time Kjehdah1 OOS X-ray d(110) Spacing Kjehdah1 OOS Xray d(llO) spac. 
0 2.83 
5 sec. 
30 sec. 
60 sec. 
30 mins. 
1 hr. 
2.5 hr. 
7 hr. 
24 hr. 
48 hr. 
72 hr. 
96 hr. 
120 hr. 
144 hr. 
168 hr. 
2.1 
2.2 
2.2 
2.2 
2.2 
2.2 
2.1 
2.2 
2.2 
2.1 
2.1 
7.14 7.25 
6.91 - 7.02 
7.08 - 7.13 
7. 02 - 7. I 3-
7.16 - 7.20 
7.19 - 7.25 
7.49 - 7.56 
7.02 - 7.13 
7.02 - 7.08 
6.91 - 6.97 
7.02 - 7.08 
2.5 
2.5 
2.5 
2.5 
2.5 
2.5 
2. 5 
2. 4 
2. 3 
2. 2 
2.4 
2.4 
2.35 
2.1 
7.56 - 7.62 
6.91 7.02 
7.13 - 7.19 
7.43 - 7.49 
7-:--4 3----- -1-. 49- ---
7.19 - 7.25 
7. 02 - 7 . r)H 
6.91 - S.97 
7.09 - 7.14 
7.09 - 7.14 
7.02 - 7.08 
6.86 - 6.97 
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of the 6-monosubstituted glucose residues. Also, contrary 
47 to the work of Stephenson the appearance of unsubstituted 
residues is very rapid. This could be due to two reasons: 
(a) the denitration studies of Stephenson were conducted ln 
nitric acid: water mixes, and (b) cellulose in the form of 
papers was used. 
In comparison with the initial experiment shown 
in th1s chapter, unsubstituted glucose residues were not 
apparent untll >48 hours exposure to the acid mix. Therefore 
it must be concluded that the phys1cal form of cellulose used 
plays a large rdle in the bulk chem1stry of these materials. 
It can also be clearly seen from Table 3.1 that 
discontinuities occur in the component analys1s patterns at 
30 minutes and 48-72 hours denitration time. It appears that 
before 30 minutes and after 30 minutes that a qtlasi-steady 
state is established with an approximate component analysis of: 
62% 2,3,6-tri, 16% 2,6-dl, 12% 3,6-dl. 
However at 30 minutes there lS an lncreJse Jn the 
2,3,6-trlsubstltuted res1dues and decreases in the 2,fi-di-
and 3,6-trLsubstituted glucose res1dues, although the bulk DOS 
is very closely similar. 
Similarly, at 48 and 72 hours the component analyses 
of the sample show a relative decrease in the 2,3,6-trisubstltuted 
( 
residues. Classical thermodynamics cannot explaln changes 
such as these, Wlthout invok1ng a change in structure. 
lS poss1ble s1nce ln both cases the d(llO) X-ray spac1ngs are 
diss1m1lar than those at straddl1ng t1mes of react1on. It 
c.1n ,1\ Sll Lll~ nuticecl thut a t1mes of 30 m1nutes, 48 hours and 
168 hours the percentages of 2,6-di and 3,6-disubstithlted 
residues are closely similar, a fact that is difficult to 
interpret in the s1mple analyses put forward by Wu, 46 and 
47 
also by Clark et a~. 
13c n.m.r. spectra of samples denitrated for 1 
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minute, 30 m1nutes and one hour clearly show d1fferences 1n 
the component analyses. It is obvious that the sample de-
nitrated for 30 minutes has a different sequence d1str1bution 
than those after 1 minute, or one hour, although 1n all cases 
the bulk degree of substitution 1s s1milar. 
From Tables 3.1 and 3.2 1t is clearly seen that 
the DOS determined from the micro-Kjehdahl analys1s 1s sim1lar 
13 1n all cases to that calculated from the C n.m.r. component 
analyses. The t1me taken to reach the equil1br1um DOS value 
of 2.2 is seen to be ~2 hours; a t1me wh1ch has been quoted 
before as the t1me to reach the equilibr1um DOS throughout the 
bulk of the material. 
13 C n.m.r. spectra were not run for samples n1t-
rated for times less than 30 minutes, as the mater1al before 
this time is not completely soluble in the d1methylsulphox1de-d 6 
solvent. This is a consequence of the bulk of the mater1al 
still being cellulos1c as opposed to n1trated mater1al. 
It is evident from Table 3.1 that nitrat1on 1s 
seen to 1nvolve the conversion of uns~bstituted, 6-mono, 2,6-dl 
and 3,6-dl-substituted residues into the 2,3,6-trlsubstituted 
glucose res1dues. It has already been ment1oned that 1n 
nitration, the presence of a nitrate ester residue uctlvutes 
the :1ydroxyl groupe; 1n the same resH'lue, and thc~rcforc then-· , .. 
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a slow reduct1on in the contribution to the overall 13c n.m.r. 
signal from the unsubstituted glucose residues. 
As in the denitration reaction, discont1nuit1es 
occur in the nitration reaction at 72 and 144 hours• exposure 
t1me with a concomitant lowering 1n the d(llO) X-ray spacings. 
Clearly some morphological change must be occurr1ng w1th1n 
the sample to account for these anomal1es. 
The anomalous degree of subst1tut1on at l hour 
nitration time, as seen in previous exper1ments 1s not really 
eviden-t.- from the bulk 13c n. m-. r. component an.:nys1s, althoUgh 
the d(llO) X-ray spacing is slightly lower than expected. 
The possibility of morphological transformations 
to account for the distinct discont1nuities present w1ll now 
be discussed further. However, it is important to stress tha~ 
the nitration/denitration of cellulos1c mater1als 1s, 1ndeed, 
very complex. From the data presented 1n th1s ch~pter, 1t 
is clear that although an equ1l1br1um DOS has been att~1ned, 
the 1nd1v1dual reactions have not atta1ned an equil1br1um 
position. The nitration/denitratlon reactions of cellulos1c 
materials must depend on the phys1cal characteristics (e.g. 
physical form, molecular weight distributions, prev1ous h1story, 
etc.) of the samples employed. 
Cons1derat1on of what is currently known about the 
phys1cal structure of cellulose leads one to conclude why 
cellulose (and Chtttn) <.Jcrvc as lo.td-bc.Jrtnq, Olliponf'nl '• ,,[ 
I I r>- I I J L l'>SUCS- C:C I I U I ()',r~ I II 
many plant-cell walls and ch1t1n in the skeletal mater1als of 
many lower an1mals. Their chem1cal structures are very 
similar: cellulose 1s a poly-8(1~4)-D-glucose and chitin 
is 1ts 2-acetomido derivative; not surprisingly this leads 
to similar structures and morphologies. The B(l~4)glucan 
chain 1s 1nherently stiff and extended and must be Judged 
ideal for the formation of fibrous structures. 113 •114 
At least four different crystalline forms of 
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cellulose (celluloses I-IV) are recogn1sed on the basis of 
their X-ray diffraction patterns and infra-red spectra. 120 •121 
In each structure, the chains have approximately the same 
backbone conformation, with two glucose resieues repea~1ng in 
approximately 10.3~. The structures differ 1n terms of the 
k . f d. h . 122 pac 1ng o a Jacent c a1ns. Cellulose I (native cellulose) 
115 116 is the naturally occurring form in plant-cell walls. ' 
Regenerat1on of cellulose from solution, 117 ~.g. 1n the manu-
facture of r<1yon f1bres, leads of cellulose T T. Th 1 '-, st ructu rc· 
4 I I 8 
can also be produced by the process of mercertzdtion, ' 
which involves swelling in caustic soda followed by removal 
of the swelling agent. This process is used to mod1fy the 
properties of cotton fibres. 117 The cellulose I~II trans-
formation is irreversible, which implies that cellulose II lS 
the stable form and that cellulose I is a metastable structure. 
Cellulose III can be produced by treatment of e1ther cellulose 
I or cellulose II w1th l1qu1d ammon1a. However, the struct-
ures obtained depend on the parent mater1al and are dlst1ngu1shed 
119 
as celluloses IIII and III 11 . The un1t cells of these 
structures arc approx1mately the s<1mc, but the 1 n fr<~- n•d spc<· L r. 1 
Llq 
show that they have d1fferent hydrogen-bondlng network~. -
Washing with water restores the parent cellulose I or 11 1n-
dicat1ng that the forms III 1 and III 1 I reta1n a memory of the1r 
original structure. Likewise, cellulose IVI and IVII 
can be prepared from celluloses I and II by treatment in 
hot glycerol (e.g., at 270°C); these structures can also 
be restored to their original structures. Treatment of 
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cellulose I and II with concentrated acids has been reported 
to produce a fifth form, designated cellulose X, which is 
similar to, but not ident1cal to, cellulose Iv. 124 
W1th regard to the conversion from cellulose I 
to cellulose II, (i.e. a change from parallel to ant1parallel 
ROl~r~ty)_ 1t is easy to see hgw this can be ach1eved 1n 
solution, but the mercerization process presents more d1ffic-
ulty. In principle, reversal of polarity in the sol1d state 
could be ach1eved either by regular chain fold1ng or by re-
arrangement of extended cha1ns. Morphological and mcchan1c~l 
stud1es are against any extensive cha1n fold1ng, and the most 
reasonable mechanism appears to be rearrangement of extended 
cha1ns. In mercerizat1on, the indiv1dual chains are separated 
and on removal of the swelling agents will be more likely to 
unite with antiparallel mates, since the cellulose II structure 
is thermodynamically more stable. 
It should be noted that the mercerizat1on change 
to cellulose II usually requires several swellings and de-
swellings to achieve maximum conversion, and there 1s always 
some residue of unconverted cellulose I. It is d1ff1cult to see 
why the c~ange should be so difficult unless there lS a maJor 
structural rearrangement. 
It is plausible, therefore to account for the dis-
continuities in component analysis and sequence d1stribut1on 
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from the 13c n.m.r. spectra, by propos1ng that since 
cellulose has a ser1es of polymorphs, then cellulose 
n1trates could conce1vably have various polymorphs. These 
polymorphs could account in part for the anomalous X-ray 
spacings and properties inherent in th1s material. Atkins 
et al 44 have investigated the molecular conformations and 
packing considerations in cellulose n1trates by X-ray dif-
fraction and computer-modelling. The X-ray diffraction 
diagrams suggested some type of 5-fold hel1x in a h1ghly 
nitrated cellulose (13.9% N). They investigated the stereo-
chemical feasibility of a numb-er of models exh1bi ting 5-fold 
helical symmetry, and also the packing of such hel1ces 1n 
several unit cells, w1th reference to the work of Math1eu 
126 
and Happey. 127 Sathyanarayana and Rao showed that the 
5 1 and 5 4 conformations are impossible for a molecule with a 
(1+4)-linked-S-D-glucose backbone. It is poss1ble to bu1ld 
5 3 helices but these gave unacceptable close contacts between 
some atoms in the chain backbone. It was only 1n the s2 
helix that sat1sfactory models could be constructed. Con-
s1deration of the pack1ng leads Atk1ns 44 to adopt an ant1-
parallel structure, since 1t 1s th1s proposed model where thcrr 
is most room ava1lable. 
Therefore, there does seem some ev1dence to suggest 
that morphological changes within the cellulose n1trate 
structure could take place depending on the sequence d1st-
ribution of the nitrate ester groups along the chain. It 
must be emphasized that the sequence distribut1on appears, 
from the data, to be t1me dependent. 
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The data suggests possible other exper1ments 
to help in the diagnosis of these phenomenon. For example 
the dynamic properties of these structures could be under-
taken experimentally using dielectric relaxation. Pethrick 
et al 128- 131 have studied the dielectric properties of 
cellulose and its derivatives and have indicated that s1gn1f-
icant differences in these properties exist as a function of 
the nature of the side sroup and the preparat1on of the sample 
prior to investigation. Certain features of the dielectric 
behaviour of these polymers appear to be associated w1th 
macroscopically observed changes in dens1ty 1ncurred 1n the 
material as a result of physical or chem1cal mod1f1cation, 
and as such may be expected to arise as a consequence of mole-
cular reorganisation in the polymer. 
Another possible techn1que lS pos1tron ann1hilat1on~32 
PositroB lifetime measurements provide a method of exam1n1ng 
and characterising the distribution of cavities at a molecular 
level, and 1n th1s way can indicate the nature of the free 
Volume l·n the sample. 133 • 134 I f th f t n v1ew o e s1gn1 1can 
differences which exist in the relaxation character1st1cs of 
cellulose and its der1vat1ves, pos1tron annihilat1on was used 
to correlate th1s behav1our with the poss1ble 1nfluences of 
ca·vl ty d1str1bution 1n these systems. It was found that sly-
n1ficant differences exist 1n the l1fetimes of pos1trons 1n 
cellulose and its derivatives which can be 1nterpreted as ev1d-
ence for changes in the free-volume dlstributions 1n these 
t . 1 135 rna er1a s. 
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'Therefore, a complete study of the nitrat1on/ 
denitration reactions of cellulosic materials as a fuNction 
of time clearly requires the use of a barrage of techniques. 
Know1ng s~quence distribution data from 13c n.m.r., correl-
ation with morphological changes as determined by relaxat1on 
methods, etc., may become probable. 
Until such a time when th1s work is undertaken, 
one must again state that the chemistry of cellulos1c mater-
ials is very complex, and requires a lot more innovative and 
exciting research. 
CHAPTER FOUR 
THE NITRATION OF CELLULOSIC MATERIALS -
A TEMPERATURE DEPENDENCE STUDY 
86 
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4.1 Introduction 
The nitration of cellulose to produce the highly ln-
flammable cellulose nitrates used in a range of applicatlons 
including explosive formulations, surface coatings and photo-
graphic films is an extremely well documented reaction. 4 ' 30 
The wide ranging nature of both the technologlcal and 
academ1c investigat1ons of the cellulose and nltrocellulose 
field over the past century, however, posed certaln dlffic-
ulties since relevant data is dispersed over a number of 
disciplines leaving many important questions unanswered. 
As pointed out earlier, the main point of interest ln 
the technical nitration in mixed acids, for example, lS the 
question of the degree of substltutlon and how thls relate3 
to the acid mix composition. The questlon of the li~itlng 
degree of substitutlon could a priori be rationallzed ln 
terms of two extreme models. 
The first can be attributed to the micro and macroscoplc 
structure of the cellulose. Thus, inhomogenelties ln the 
bulk structure could give rise to accessible and lnaccessib~e 
regions. Since n1tration must depend on the dlffuslon of 
reagent throughout the bulk structure a further conslderatlon 
is that there may well be a concentration profile throughout 
the structure. On this basis the less than maximum degree of 
substitution is attributable to an inhomogeneous bulk structure 
corresponding to regions of completely nitrated materlal and 
unreacted inaccesslble reglons. 
l\ more plausible ,1lternc1tive 1s that '5lncc nil rdlton ,., 
a reversible esterlfication process, then the ~2.8 degree of 
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substitution typically observed represents the equilibrium 
situation. 
11 43 54 In a recent series of papers, Clark and Stephenson ' ' 
had shown how ESCA may be used to follow the initial stages 
of nitration and denitration of cellulosic ~aterials. The 
great surface sensitivity of the technique has been used to 
good effect to follow the changes in surface chemistry in the 
outermost few tens of Angstroms, and this has provided valuable 
new information on the initial reactions at the heterogeneous 
interface between the cotton fibrils and the reaction medium. 
54 Previous studies by Clark and Stephenson showed that the 
heterogeneous reactions involved in the nitration of cellulose 
linters in the form of papers with mixed acids is extremely 
rapid and at room temperature the equilibrium DOS is estab-
lished to a depth >looR on a time scale of seconds. 
Since the reactions are so rapid at room temperature lt 
has not proved possible to study the approach to the equilibrium 
DOS as a function of time since it is not technically feasible 
to expose samples to the nitrating medium and quench and 
stabilize the samples on a time scale shorter than a second 
or so. 
In order to study the initial stages of the surface re-
action, ESCA studies on samples of cotton linters (in the form 
of papers) have been carried out, in various nitrating mixes 
for 30 seconds over the temperature range -25° to +22°c. 
The effect of low temperature nitrations in the bulk 
13 
required times of nitration of 1 hour and the use of C n.m.r. 
and x-ray methods. 
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4.2 Experimental 
The starting cellulose used in this study was Holden 
Type II cotton linters (in the form of papers) as described 
previously. All experimental procedures are those outlined 
in Section 3.2 of this thesis. 
Nitrations were accomplished by immersion in the acid 
mix which was cooled by means of acetone/dry ice slush baths. 
The acids: cellulose weight ratio was never less than 100:1. 
Samples were cut to probe tip size (8 x 22 mm) and mounted 
using double sided scotch tape. 
13 C n.m.r. (90.56 NHz, proton noise decoupled) spectra 
and X-ray d(llO) spacings are as described in Section 3.2. 
ESCA spectra were run on a Kratos ES300 electron spectra-
meter. All Raman spectra were run on a Varian Cary 82 Raman 
spectrophotometer using an Argon gas laser (514.5 nm, 200 mW). 
4.3 Results and Discussion 
4.3.1 Temperature Dependence of Nitration in 
Various Acid Mixes 
(a) Nitration in 60% H2so4 , 25% HN0 3 , 15% H2o for 30 seconds. 
It has previously been described how analysis of the c1s and 
Nls core levels allows the direct determination of the DOS 
by means of ESCA, and the relevant data are displayed in 
Figure 4.1. 
The convolution of rate processes (differing activation 
energies for nitration and denitration at different sites, and 
for diffusion) are such that for a l0°C lower1ng 1n temperature 
below ambient (22°C) the degree of substitution in the surface 
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Figure 4.1 Graph of DOS vuruua temperature for the acid 
mix 60~ H2so 4 , 25% HN0 3 , 15% H20 
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region (using f'vlgko. the effective sampling depth for tha 
1,2 ~ 
cls core levels is ~0 ) remains essentially constant. 
At -25°C the DOS of '\-1.2 indicates that nitrat~on has 
proceeded rapidly even at that temperature to the mononitrate. 
Previous discussion 54 has indicated that formation of the 6 
substituted mononitrate must involve a significantly lower 
activation energy than for formation of the 2 or 3 monosub-
stituted derivatives and correspondingly that the activation 
energy for denitration is higher for the 6 site than for the 
-2--or- 3 -substituted deri¥ati¥es_. 
At intermediate temperatures there is a gradual increase 
in surface DOS until at '\J8°C the equilibrium DOS rema~ns 
essent~ally constant. 
(b) Nitration in 70% H2so4 , 22.5% HN0 3 ,7.5% H2o for 30 seconds 
The relevant data are displayed in Figure 4.2. 
The convolution of rate processes are such that for a 
13°C lowering in temperature below ambient (20°C) the DOS 
in the outermost top 50~ of the material remains essentially 
constant. 
At -38°C the DOS of '\-1.5 suggests rap~d react~on at 
the surface. 
At intermediate temperatures there is a gradual increase 
in surface DOS until at '\J7°C the equilibrium DOS remains 
essentially constant. 
1 
\ 
.._. 
\ 
0 
N 
\0' 
C) 
or-
U"l 
C) 
U"l 
I 
C) 
or-
I 
U"l 
~ 
I 
~ 
I 
Lll 
N 
I 
Figure 4.2 Graph of DOS versus temperature for the acid 
mix 70% H2so4 , 22.5% HN0 3 , 7.5% H20 
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(c) Nitration in 75% H2so4 , 22.5% HN0 3 , 2.5% H2o for 30 seconds 
The relevant data are displayed in Figure 4.3. 
For a 16°C lowering in temperature from ambient (21°C) 
the DOS in the surface regions remains essentially constant. 
At -30°C, the surface DOS has reached a value of ~1.9. At 
intermediate temperatures there is a gradual increase in DOS 
to a value of ~s0c where the equilibrium DOS is achieved and 
maintained. 
4. 4 Comparison of-aata 
To draw a clearer comparison of the data presented 1n 
earlier sections of this chapter, it is pertinent to super-
impose Figures 4.1, 4.2 and 4.3. The resultant graph of 
degree of substitution versus temperature is shown in Figure 4.4. 
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Fiqure 4.4 Graphs of DOS versus temperature for all acid 
m1xes used. 
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It is clear from this figure that all the curves are 
closely parallel to each other. There are various probable 
explanations for these effects which will be outl1ned below. 
(a) Rate of nitration decreases with temperature, i.e. a 
purely time dependent effect. 
(b) Diffusion of the acids into the fibrils decreases with 
temperature - i.e. as the viscosity of the acid mix de-
creases. 
(c) The equilibrium constant for the formation of the 
nitrating agent is temperature dependent; Qr the equil-
ibrium constant for the reaction of the nitrating agent 
with the hydroxyl groups is temperature dependent. 
If the effect shown in Figure 4.4 is due to u time de-
pendent phenomenon, as in point (a), then this cun be quickly 
and easily resolved. 
The initial aim of the low temperature nitration re-
action of cellulosic materials was to physically slow down 
the reaction so as to monitor the initial stages of nitration -
since at room temperature the equilibrium DOS is attained 
within one second. 
Sulphate ester groups were also monitored at the surface 
as a function of temperature; the c1s;s 2p area ratios for 
these materials is essentially constant over the temperature 
range investigated. 
109 As ,m as 1 de, Clark and Stephenson could not de· Lccl 
the presence of sulphate ester groups ut ~130R using Tlka 
radiation. 
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Calculations of relative core level signal intensities by 
217 Munro have shown that when using Tika radiation, it is the 
s1 s core level (BE ~2472 eV) which should be monitored, not 
the s 2p core level (BE ~169 eV) . By monitoring the s 1 s core 
level with Tika it is found that sulphate esters are present 
in the sub-surface for a series of cellulose nitrates pre-
pared in mixed acids where the sulphuric acid percentage 
ranges from 60-75%. 
To ascertain the role of kinetics in the reaction, 
identical exp_eriments _w_ere carJ;"ied 91.1j~_ Qt!_"t t:h~- t_i_Il)e of re-
action was increased to one hour. Thereby, if the viscosity 
of the acids is not so great at -25°C, then the bulk DOS and 
partial DOS of the material could be monitored as well as the 
surface chemistry. Also, if the reaction is purely time 
dependent then reaction at -25°C for one hour should result 
in a higher surface DOS to that after 30 seconds exposure time. 
Table 4.1 below lists the data for all three nitrating 
mixes as used previously in this work. 
As is clearly seen from Table 4.1 the surface DOS at 
-25°c is not time-dependent. 
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TAB'LE 4.1 
Surface DOS Bulk DOS X-ray d(llO) 
13c runr (Kjeldahl) spacing 
Ternp~C -25 +20 -25 +20 -25 +20 
I' ,·1. II);() 4 
22.5% HN03 1.9 2.6 2.6(2.6) 5.98 7.44 
2.5% H2o 
70% H2so4 
22.5% HN03 1.65 2.3 2.3(2.3) 5.95 6.73 
7.5% H20 
60% H2so4 
25% HN03 1.2 2.0 2.0 5.98 7.13 
15% H20 
-----------------------------
The materials nitrated for one hour at -25°C would not 
dissolve in solvents for the nmr spectroscopy and were not 
digestible for the micro-Kjeldahl analyses. This 1s due to 
the fact that nitration has only occurred at the surface, pro-
bably due to the v1scosity of the acid mixes at this temperature. 
The d(llO) X-ray spacing also confirms this, in that the mater-
ials nitrated for one hour have essentially cellulose-type 
d(llO) spacings. 
There is no reason to believe that the nitration re-
action at the surface will be influenced by diffusion or 
viscosity. 
Therefore, lt may be concluded that in lower1ng the 
ll~IIIPL't.tLlltt·, tllll' ll.1·· nol JU~;t c..low.ccl clown the nLtrctLion process, 
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but clearly equilibria have been altered, so that even after 
30 seconds exposure to the nitrating acids the equilibrium DOS 
of these materials at the surface has been reached. 
One must therefore try to explain the curves 1n Figure 
4.4 in terms of thermodynamics rather than kinetics. 
If one considers the central l1near part of each curve, 
this may be treated thermodynamically via the Van•t Hoff 
149 Isochore, and values for the heat of formation may be deter-
mined. Therefore assuming the activities of the acids and 
water are unity and temperature indepenaent and that D.O~S~ can 
be treated as activities or concentrations of the products at 
various temperatures, then a plot of ln. DOS/3-DOS VePsus 1/T 
(see below) gives a slope equal to -6H/R, where R is the gas 
constant. 
This analysis has been effected in all three cases and 
-1 
values of +1.44, +1.31 and +1.20 kJ mol for the 2.6-2.0 DOS 
cases respectively. It is clear from these values that the 
curves appear to represent an endothermic process. This is 
also alluded to by using the simple Le Chatelier•s Principle 
which states that if the reaction is endothermic, then there 
would be an increase in the products as the temperature is in-
creased. 
If one requires to treat the nitration of cellulose as 
an equilibrium then one must know the nitrating species that 
attacks the hydroxyl groups to form the nitrate esters. 
I M'l I • 4 • 1955 , k 150,151 1.-. d n 1 es rev1ew 1n , var1ous wor ers !'!a 
tackled this problem assuming certain reaction equilibria for 
instance, 1f the reaction is: 
then 
cell - OH + HN0 3 
K 
K = 
[cell-ON0 3 ] (H20] 
[cell-OH] [HN0 3 ] 
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Various activities for the acids and water were deter-
mined, all of which were poor. 152 , 153 However, if a and a 
w n 
are the relative activities for water and nitrlc acld res-
pectively and s is the number of hydroxyl groups whlch are 
nitrated then 
K = 
a 
w 
a 
n 
s 
· 3-s 
Previous kinetic work 154 showed that the water present 
at equilibrium does not act on its own, but in union Wlth a 
nitric acid molecule. Therefore the equilibrium must be: 
cell - OH + 2HN03 cell-ON02 + HN0 3 .H 20 
Therefo:re K1 
[cell-ON02 ] [HN0 3 .H20] 
= 
[cell-OH] [HN0 3 ] 
2 
and also, since the nitric acid hydrate must itself be in 
equilibrium with its components, one also has 
= 
[HN03 . H2 0] 
[HN0 3JTH 2o] 
Therefore, still the controlling factor would be the 
ratio of the two activities (aw/an), although water is not an 
immediate reactant. 
In mixed acid nitration the situation is yet more com-
plex, but however incorrect. 
F 1 . 155 d 1 1 . 156 h h f rom ca orlmetry an ca cu atlons t e eat o 
formation of cellulose nitrate assuming 
cell - OH + HN0 3 
is ~-1.17 kcal mol-l. 
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All the above treatments could not explain experimental 
results at the time, and this was assumed to be because the 
equilibria involved were too complex, and not just a simple 
reversible reaction. 
Elegant18o labelling work by Klein and Mentser157 showed 
that the esterxfication reaction of cellulose was attained by 
breakage of the 0-H bond, not the C-OH bond. From a knowledge 
of the plausible equil1b~ia in nitr1c ac1d: sulphuric acid: 
water mixes, one would tentatively conclude from: 
that the nitrating species is either molecular nitric acid, 
or the nitronium ion, N0 2+. 
It has been stated in the literatur~09that N0 2+ ion 
cannot be the effective esterification agent since this only 
occurs in sulphuric acid concentrations greater than 80%. 
However, we feel that it is a misunderstanding of the term1n-
ology that has led to this discrepancy.* 
Miles 4 believes also that the nitronium ion 1s not the 
effective nitrating agent for two reasons: 
Footnote: 
161-173 The elegant work of Ingold et aZ proposed 
correctly that when using mixed acids to nitrate aromatic systems 
via the nitronium ion, >80% sulphuric acid was required. 
However, this assumes that the acid is diluted by water,i.e. 
100% H2so4 diluted to 80% H2so4 with water; not as is the case 
with n1trating mixes, weighE percentage of the H2so4 in a ternary mix. Clearly, in the regime of the tecnnical nitration 
mixes employed 1n th1s study the concentration of sulphuric acid 
us1ng Ingolds scheme is always above 80%. 
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The first is that nitration can take place in the vapour 
of nitric acid at low pressures, where no liquid can be 
present, and the format1on of this or any other ion is im-
probable. However, if condensation of the vapour onto the 
fibril occurs before reaction then the self autoionisatio~ of 
the acid, as shown below, may occur. 
and secondly, the knowledge we now have of the range of com-
positions in which the nitronium ion can exist. Chedin160 
has been able to divide the ternary acid diagram into two 
parts by a line, now called the Chedin line. To the right 
of this line, in the direction of low dilution, the 10n 1s 
present to an increasing extent. It is noticed that the 
techn1cal acid mixes used in this study also full to the r1ght 
of the Ched1n l1ne, and as such the n1tron1um 10n 1s present. 
To investigate this further, aliquots of technical 
nitration mixes were taken and studied by means of laser-
excited Raman spectroscopy. -1 200-2000 em Raman scans were 
taken of 95% fuming nitric acid, 98% concentrated sulphuric 
acid, and two technical nitration mixes of 75% H2so4 , 22.5% 
HN0 3 , 2.5% H20 and 65% H2so4 , 22.5% HN0 3 , 12.5% H20 and are 
displayed in F1gures 4.5 and 4.6. 
It lS ev1dent from Figure 4.5 that in the acid m1xes 
employed 1n the techn1cal n1trut1on of cellulose, the l1ne 
-l Jt 1400 cnl 1s present and is known to be due to the n1tron1um 
ion, It is also apparent that the acid mix which 
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600 cm-1 
Figure 4.5 Raman spectra of technical acid mixes 
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1500 1000 
F1gure 4.6 Raman spectra of fuming HN0 3 , 98% H2so 4 
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produces a high DOS material (75% H2so4 , 22.5% HN0 3 , 2.5% H20) 
h 1 · 1 l t of ~o2 + t th th h as a re at~ve y arger amoun .- presen an e ot er, 
lower DOS attaining acid mix. 
From the evidence outl~ned above, it ~s clear that the 
nitronium ion plays a major part ~n the technical n~tration 
of cellulose. Therefore clearly the equilibr~um, which has 
bee11 much studied by Jyroscopy, ti trimetry, etc. is an essential 
part in the technical nitration of cellulose. 
is: 
+ ----">-~- + 
This equ~librlUPl 
+ H--e 
3 
Another acid mix commonly used in the laboratory ~s the 
nitric/phosphoric mix. A Raman spectrum of a n~tric/phosphorlc 
mix has been run and evidence for formation of the nltronlum 
lOn is shown ln the spectrum. 
In 1963, Bayliss and Watts 158 studied the nltrogcn speclGS 
involved in potassium nitrate solutions in various concentrat~ons 
of sulphuric acid by uv-visible spectrophotometry. It was 
concluded that the nature of the species present in these 
solutions depend on the concentration of sulphuric acid as 
tabulated in Table 4.2. 
0 - 15% 
15 - 70% 
72 - 82% 
82 - 100% 
TABLE 4.2 
Species present in solutlon. 
N0 3 
N0 3 and HN0 3 
HN0 3 
+ N0 2 
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Therefore this data suggests that whatever is nitrating 
cellulose should be present in these mixes. An exper1ment was 
carried out whereby a 12% sulphuric acid, 75% sulphur1c ac1d 
and 98% sulphuric acid solutions were prepared by standard 
procedures. To these solutions ~5 grms. potassium nitrate 
was added, which in all cases gave a saturated solution. 
Cellulose in the form of Whatman-1 filter papers was added 
to these solutions for two minutes each. This ti~e was chosen, 
since exposure times longer than this dissolved the cellulose. 
This was avoided as a heterogeneous reaction was needed. 
Mgka core level spectra were run on each of the three samples 
and these spectra are displayed in Figure 4.7. 
It lS clear that 1n the 98% sulphuric ac1d/KN0 3 m1x, 
a Nls core level is evident at a binding energy of ~408eV 
indicative of a 0-~02 ester group. Although the K2 level p3/2 
is also evident at a blnding energy of ~292.9 eV, this is not 
sufficient to account for the level of nitration. The DOS 
of the cellulose nitrate formed is ~0.6. 
Although the level of nitration is low, nevertheless 
the nitration of cellulose in a 98% sulphuric acid/KN0 3 m1x 
lS possible, and from Table 4.2 there lS clear ev1dence for 
N0 2+, the nitronium ion, being the effective nitrating agent. 
Raman spectra were run on all three solutions and are 
shown in Figure 4.8. 
-1 159 . The peak at 1400 em lS due to the nitronium 1on, 
N02+, and is present only in the 98% H2so4/KN0 3 ac1d ~ix. 
Clearly therefore in the acid mixes employed in this 
study, i.e. technical acid mixes, the nitronium ion appears 
c,~ 
xl 
XI 
.l93 
x0·7 
x0·7 
535 
8.£ (e.v.). 
40t 
Figure 4.7 Mgka cls' o1 s and Nls core level spectra for 
various concentrations of sulphuric acid with 
_rotass1~m nitrate.______ _ ____ _ 
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1400 1000 
Figure 4.8 Raman spectra for the various concentrations of 
H2so 4 with KN0 3 . 
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to play a major role in these nitrations of cellulose. 
To further understand the reactions to account for the 
curves of DOS versus temperature in an earlier section of 
this chapter, one requires a knowledge of the temperature 
dependent behaviour of these acid mixes. Unfortunately, 
equipment to monitor the N0 2+ concentration by Raman spectra-
photometry is not readily available. However tenative con-
elusions can be drawn as to the type of reactlons taking place 
in technical nltrations, e.g. 
HN0 3 + 2H 2so4 
cell-OH + NO + 2 
+ - + N02 + 2HS04 + H30 
cell-O-N02 + H+. 
The function of the sulphuric acid in technlcal acld 
mixes appears to give a strongly acidic medium towards which 
the nitric acid acts as a base to form the nitronlum 10n, N0 2+ 
Although the nitration of cellulose can be explained via 
the two main reaction steps shown above, 1t is diff1cult to 
appreciate how denitration occurs mechan1stically. Further 
research must be done in this very 1nteresting area. One 
technique which 
15 labelled H N0 3 
may be particularly fruitful is the use of 
15 
and N nmr. For example, if a sample of 
cellulose nitrate prepared in unlabelled nitric ac1d, is then 
denitrated in 15N labelled nitric acid, any 15N-labelled n1trate 
esters present in the final substrate should be detected by 
15 N n.m.r. This approach should therefore reveal if a trans-
esterification reaction occurs during denitration. 
The author has tried this approach, but as yet, a 15N 
n.m.r. spectrum has not been attained. 
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CHAPTER FIVE 
ESCA STUDIES OF THE SURFACE CHEMISTRY OF 
CELLULOSE NITRATES WITH PARTICULAR REFERENCE 
TO THEIR DEGRADATION BY X-RAY AND 
THERMALLY-INDUCED TREATMENTS 
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5.1 Introduction 
The stability of cellulose nitrates to a wide range of 
conditions (e.g. heat, uv light, etc.) is of great interest. 
Over extended periods of time, factors such as exposure to 
solar radiation, heat and humidity affect the chem1cal and 
physical characteristics of cellulose nitrates. 
Previously, the degradation of cellulosic materlals has 
been determined by monicoring changes in the viscoslty or 
4 tensile strength, brought about by a chain scission reaction, 
which in cellulose is considered to be the major photolytic 
mechanism. However, the typica! quantum yields for chain 
scission reactions in cellulose and cellulose nitrates (0.001 
and 0.01 respectively) are substantially smaller, by at least 
an order of magnitude, than that reported for the photolysls of 
137 
nitrate ester groups and it therefore can be expected th~L 
the loss of nltrogen oxides from the photolysls of sue~ qroup~ 
will be the major preliminary degradation pathway ln cellulose 
nitrates. 
Published work in this area is relatively small, but 
there is evidence for three primary processes, where the quantum 
yields for these processes are in the order (1)>(3)>(2). 
hv ( 1) 
R - CHO + HONO ( 2) 
R - CH 2 - ONO + 0 • ( 3) 
Philllps and co-workers 138 have studied the thermal de-
gradation of alkyl nitrates and reported that the lnltial re-
action (1) was followed by: 
lll 
R-CH -0• + R-CH -0-NO 2 2 2 R-CH 2-0H + R9H-ON0 2 I 
( 4) 
RCHO + N0 2 . 
Clearly what is known about the possible degradation 
pathways is slim, and it is therefore not surpris1ng that 
recent studies of the thermal degradation of cellulose n~trates 
have concentrated on monitoring the rate of evolut~on of 
nitrogen oxides at elevated temperatures as determ1ned by 
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chemiluminescence NOX analyser techniques. In such measure-
ments the loss of nitrogen oxide? is mon1to~ed continuously, 
giving direct information on rates, but no information is ava~l-
able on the reaction of degradation products with other con-
stituents. For example, the emphasis recently has concentrated 
on the volatile degradation products rather than the material 
wh1ch remains. 
In order to understand the mechanism of degradat1on 
further, such information is essent1al and, since it 1s the 
very surface of these materials which interacts initially with 
its environment, it is of great importance to study the nature 
and rate of accumulation of degradation products in the outer-
most few tens of Rngstroms of cellulose nitrate fibres. 
The lack of such information in the literature can be 
directly related to the lack of a suitable technique, and ~t 
is the advent of ESCA (X-ray Photoelectron Spectroscopy) in 
the last few years that such information is potent~ally ava11-
able. 79 Recent ESCA studies of simple model systems and 
detailed investigations of the surface nitration and denit-
rat~on of cellulosic materials 11 have yielded important 
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information, not only on relative rates of reaction but also 
on the nature and environment of functional groups. The use 
of ESCA in studying the degradation of polymer1c materials 
was 
60 pioneered by Clark and co-workers, and recently Clark 
and 59 Stephenson have published a paper on the u-v degradat1on 
of cellulose nitrates in dry oxygen and nitrogen environments. 
This initial study of the surface aspects of the uv degrad-
ation of cellulose nitrates showed some interesting conclus1ons. 
It is apparent that a low DOS nitrocellulose has an 1ncreased 
rate of degradation compared with more highly substituted 
residues, perhaps as a result of the increased levels 1n 
1 h t t . th f . 11 su p a e es ers 1n e sur ace reg1ons. The nature of the 
low binding energy nitrogen component observed is dependent 
upon the atmosphere present during irradiation. Irrad1at1on 
in dry oxygen atmospheres gives no evidence for the format1on 
of a low binding energy nitrogen species. Therefore it was 
concluded that, in the presence of oxygen, the free radical 
sites which would, in a nitrogen atmosphere, react to produce 
the low BE nitrogen, react rapidly with free oxygen to form 
peroxides or other oxidised species. 
During an early study of the surface chemistry of cellulose 
nitrate fibres it was noticed that a degradation reaction took 
1 . th f . 1 f 109 p ace 1n e sur ace reg1ons as a resu t o exposure to a 
Mg X-ray source for prolonged periods of time (>5 hrs.). 
kal,2 
It 1s the purpose of the work, outlined in the following 
pages, therefore, to carry out a detailed analysis of the sur-
faces of cellulose nitrates, and to study the degradation occur-
ing in the outermost few tens of Angstroms in these materials 
on exposure to X-rays and heat. 
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5.2 Experimental 
All cellulose nitrates used were prepared by standard 
laboratory procedures outlined in Chapter Three of this thes1s, 
from dried Whatman-1 cellulose papers. 
For the X-ray induced degradation, samples were cut to 
probe tip size (8x22mm) and mounted using double-sided Scotch 
tape. They were analysed using a Kratos ES300 electron spectra-
meter with a dual anode X-ray source. Due to the configurat1on 
of the dual anode, the sample may be irrad1ated s1multaneously 
with MgK.a and Tika X-r_ays, thJ.lS allQWJ,ng Mgka SRectra tQ .bE:!_ 
obtained concomitantly with Tika irradiation ( 250 watts). 
Samples used in the thermal treatment were placed in an 
oven at 130°C in air and dry cylinder nitrogen for fixed per1ods 
of time. 
Spectra were peak fitted using a Kratos-DS300 data system, 
hence satellite substraction was possible automat1cally. 
5.3 Results and Discussion 
5.3.1 X-ray induced degradation of cellulose n1trates 
During an early study of Clark et ar 59 of the 
surface chemistry of cellulose nitrate fibres it was not1ced 
that a degradation reaction took place in the surface regions 
as a result of exposure to a Mgka X-ray source for prolonged 
periods of time 109 (>5 hrs.). This degradation was character-
ized by a reduction in intensity of the Nls core level corres-
ponding to a n1trate ester group at 408.3 eV and the growth 
of a peak at '\•400 cV, presumably co·rresponding to the products 
of tlns dcgr<:ldatlVC process. 
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It has been reported previously11 that the extra-
neous hydrocarbon component is present only at the very surface 
from using the depth-profiling facility of the Kratos ES300 
electron spectrometer with its dual anode capabil1ty (Mgka 
and Tika). 
59 From the work of Clark et al , on cellulose 
nitrates, it was found that degradation of cellulose nitrates 
under Mgka exposure did not occur at the surface within the 
normal time scale of the ESCA experiment. 
Tika X-rays this may not be the case due to 
(i) greater x-ray flux, 
(ii) greater energy, and 
However, when us1ng 
(ili) to enable good count1ng statistics, the acquisit1on 
t1me is generally larger when us1ng T1k X-rays. [J. 
It is worth emphasizing here that due to the wave-
length dependence of typical unmonochromatised X-ray sources 
it is probably the longer wavelength Bremstralung which is 
responsible for the degradation, rather than the characteristic 
X-ray radiation. 
The following five sections will discuss the 
following experiments. 
(a) Irradiation of cellulose nitrate (DOS=2.0) using Mgka 
X-rays as a function of time. 
(b) Irradiation of cellulose nitrate (DQS,2.83) us1ng Tlka 
X-rays as a function of time. 
(c) Irradiation of cellulose nitrate (DOS=2.2)) us1ng T1ka 
X-rays as a function of time. 
(d) Irradiation of cellulose nitrate (005=2.6) using Tika 
as a function of time. 
(e) The power dependence on the degradation of cellulose 
nitrates (DOS=2.6) as a function of time on exposure 
to Tika X-rays. 
5.3.2 Irradiation of cellulose nitrate (DOS=2.0) 
using Mgka X-rays as a function of time. 
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The degradation of 2.0 DOS material in vacuo is 
shown schematically in Figure 5.1 which depicts the Cls' Nls 
and o1s core levels of irradiated materials. The X-ray power 
is ~96 watts (12kV, 8mA). Significant signs of decompos1t1on 
require irradiation periods of >3 hours, (i.e. the induction 
period is taken as the appearance of the low binding energy 
nitrogen compoaent at ~400eV BE). 
The main reaction appears to be a photoreduct1on. 
Reference to Figure 5.2 shows that the N1s;c 1s area rat1os 
for this material (excluding in all cases the hydrocarbon peak 
at 285.0eV and relevant sensitivity factors) decreases slowly 
corresponding to a slow loss of nitrogen species from the 
surface regions. There is also some evidence from the c 1s 
profiles for increased f-0 and aldehydic groups. It 1s also 
worth noting that throughout these irradiations the amount of 
nitrite ester (appearing as a peak at ~406eV), wh1ch is known 
to be formed in similar photolytic reactions of s1mple alkyl 
nitrates (c.f. introduction) remains at a relatively constant 
value of ~5% of the main nitrate ester peak. 
c,!a 
~3$ 
B.E. (ev). 
Figure 5.1 Cls' o1s and Nls core level spectra as a 
function of exposure time 
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Figure 5.2 N1s;c 1s area ratios as a function of exposure time. 
5.3.3 Irradiation of 2.83 DOS cellulose nitrate using 
Tika X-rays as a function of time. 
The cellulose nitrate used in this study is pre-
pared via the Mitchell method using an acid mix of 26% H3Po4 , 
10% P2o5 , 64% HN03 at ambient temperatures for two hours. 
The resultant material has a bulk and surface DOS of 2.83. 
This type of material is considered to be highly stable, as 
much of the literature pertains to the degradat1on of cellulose 
nitrates as being due to either sulphate esters, or free sul-
phuric acid which has not been removed during washing and 
stabilisation procedures. 
The method of exposure to X-rays and the subsequent 
analysis of the surface by ESCA is slightly different in this 
experiment than previously nentioned. Here, samples are ex-
posed to Tika radiation for fixed periods of time and then sampled 
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by using only Mgka radiation, i.e. it is a cyclic procedure 
rather than a continuous one. 
Figure 5.3 depicts the decrease 1n N1s;c 1s area 
ratios as a funct1on of time of exposure to Tik X-rays only. 
a 
That is, the area ratio falls from a value of 0.64 (DOS=2.83) 
to 0.30 (DOS=l.3) in ~100 minutes, i.e. approxi~ately 50% of 
the nitrate groups in the cellulose nitrate have reacted to 
form nitrogen oxides or degradative products. Ev1dence for 
C-0 and C=O moieties is evident from the c 1s prof1les, and 
the low binding energy nitrogen species is evident after a 
time of ~40 minutes exposure to Tika radiation. 
2 
20 30 /.() 50 
EXPOSURE TIME!mtns 60 70 80 90 
Figure 5.3 N1s;c1s area ratios as a function of exposure 
time to Tika radiation 
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5.3.4 Irradiation of 2.2 DOS cellulose nitrate 
usiHg Tika X-rays as a function of time 
Consideration of the changes occurring within 
the Mgka sampling depth during Tika irradiat1on are shown 
schematically in the Cls' o1 s and N1 s core levels spectra 
in Figure 5.4. 
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Typical spectra obtained after 0 hours, ~3 hours 
* and ~12 hours exposure are depicted. 
Component analysis of these core level spectra 
reveal interesting trends which are displayed graph1cally 1n 
Figure 5.5. 
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Figure 5.5 Graph showing component analysis of core level 
spectra as a function of exposure t1mc. _____ _ 
* One scan here 1s equivalent to 60 m1nutes. 
Consideration of the c 1s envelope reveals major 
changes apparent from a detailed knowledge of bind1ng 
energ1es and full width at half max1ma for the component 
peaks. Firstly there is a decrease in the f_-ON0 2 component 
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at 287.4 eV over the f1rst four hours with the growth of 
peaks arising from f_-0, f_=O and ester funct1onal1t1es. The 
hem1-acetal and ester functional1t1es are co1nc1dent 1n 
bind1ng energy, however, as the relat1ve 1ncrease 1n thls 
component is unl1kely to arise from an increase 1n the number 
of hemi-acetal groups, the growth is assigned to carboxylate 
g-roups. 
It is worth emphasizing here that due to the wavelength 
dependance of typical unmonochromatical X-ray sources it 1s 
probably the longer wavelength Bremstralung which 1s respons1ble 
for the degradat~on, rather than the character1st1c X-ray 
rad1ation. 
Changes 1n the area rat1o as a function of time are 
shown 1n Figure 5.6. 
The N1s;c1 s ratio has decreased overall with an approxim-
ate exponential decrease in the N1s;c1 s ratio due to loss of 
nitrate functionalities. A small component due to nitrite 
is evident in all the spectra and is essentially constant 
throughout the ent1re exposure. 
also decrease (but 1s shown as a c 1s/Ols 1ncrease). 
bind1ng energy nitrogen component at 'v400 eV 1ncreQses. 'f'h I', 
is labelled as ar1s1ng from an oxime for reasons wh1ch wlll 
be discussed in a later section. The 1nduction period seen 
in X-ray degradation studies using Mgka sources 1s not readily 
evident in these studies. 
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Figure 5.6 Area ratios as a function of exposure time. 
The X-ray degraded sample after ~12 hours 
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(power ~250 watts) shows changes in its physical character-
istics. The sample shows slight yellowing and there is a 
loss of fibrous character to the sample. This is shown in 
sample 2 of Plate 5.1, (see page 133). 
5.3.5 Irradiation of a 2.6 DOS cellulose nitrate us1ng 
Tika X-rays as a function of time 
Data pertaining to 2.6 DOS mater1al are shown 
in Figures 5.7 and 5.8. 
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Figure 5.7 Graph showing component analysis of core level 
spectra as a function of exposure time 
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Figure 5.8 Area ratios as a function of exposure time 
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It is clear that the rate of decompos1tion under 
identical conditions is considerably reduced with a much 
slower loss of nitrogen and comparable decline in oxygen 
levels. This difference in rate is interesting and may be 
explained in terms of the difference in preparation of the 
two cellulose nitrate samples. The low DOS material pre-
pared by nitration in a high sulphuric acid content acid mix 
is known to have small level of residual sulphate ester groups 
which have resisted hydrolysis, whereas the h1gh DOS cellulose 
nitrate prepared in a low sulphuric acid content mix 1s 
--
essentially free of such groups. It is not inconceivable that 
such groups may act as a photo-initiator and promote the de-
gradation. Another interesting observation is that cellulose 
nitrates prepared in mixes with a high percentage of sulphuric 
acid are particularly difficult to stabilise, and without 
prolonged boiling and washing procedures will rapidly yellow 
and decompose. 
An alternative explanation of the degradation of 
cellulose nitrates will be discussed in a later section of 
this chapter. 
5.3.6 Power Dependence on the degradation of a 
Cellulose Nitrate 
It is not inconceivable that the power of x-rays 
incident upon the sample will have an effect on the kinetics 
of the degradation processes. 
It can clearly be seen from Figure 5.9 thut the 
N1 /(1 S S• 
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Figure 5.9 N1 s;c1 s area ratios as a function of t1me 
incident Tika X-rays. The lower the incident power, the 
lower the decrease in N1s;c1 s area ratio of the 2.6 DOS 
cellulose nitrate samples. 
Also the relevant increases 1n ~-0, C=O and 
ester functionalit~es from the c 1 s profiles are also, as 
expected, dependent on power. 
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5.4 Proposed Mechanisms of degradation in Cellulose N1trates 
From the preVlOUS dlscussio~ lt is obVlOUS thut the x-r~y 
induced degradation of cellulose n1trutes lS extremely complex, 
and it is not a s1mple procedure to postulate a complete, 
complex formalism to account for the formation of a low b1nd1ng 
energy nitrogen species and the formation of ~-0, C=O and ester 
functionalities. 
However, it is worth consider1ng possible routes to 
RO 
I 
0 N-0 2 
OR' 
C 02 + HCOOH etc 
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I 
- QR + N02 
Figure 5.10 Schematic pathway to the forrnatlon of carbonYl 
functionalities and rin~ cleavage 
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carbonyl functionalities and the n1trogen moiety formed. 
b 1- k h 1 d d t. d. 140 h b From u t erma egra a 1on stu 1es 1t as een pro-
posed that the init1al stage of degradation 1nvolves the 
loss of N0 2 , and 1n Figure 5.10, a schematic pathway wh1ch 
results 1n the formation of carbonyl groups and ring cleavage 
is shown. 
The low b1nding energy component in the ~l core level 
s 
spectra appears at first to be inconsistent with the available 
bulk data in the literature in that the formation of a stable 
has not been observed. It therefore is apparent that this 
is a product present only 1n the surface regions. However, 
after long per1ods of exposure to T1ka X-rays, a T1 anode 
spectrum of the Nls core level (sec FicJurc 5.11) I'> ,-11'-.o cl1frr·1r·nl. 
c,~ o,~ tJ,~ 
Ohrs. 
Si.l-5" s;JS 
BE (tV) 
4-10 
Figure 5.11 Tika core level spectra as a function of time 
(a) 0 hrs., and (b) 12 hrs. exposure time. 
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By comparison of the two spectra in Figure 5.11, 1t 1s clear 
that a third peak lS apparent in the degraded sample. This 
must be due to the low binding energy nitrogen mo1ety. 
Therefore it is noticed that the X-ray degradation of cellulose 
nitrates is a surface phenomena, which after long exposure 
times is ev1dent within the Ti sampling depth of ~13oR i.e. 
the subsurface. 
The origin of the ~ow binding energy n1trogen peak lS 
uncertain at this stage, in that many nitrogen groups have 
Nls bind1ng _energies of ~¢00 eV. However, on cons1derat1on 
of known degradation reactions of nitr1tes and n1trates 1n 
solution, a possible assignment is that of an ox1me. 
The Barton Reaction, 141- 142 for nitr1tes 1n part1cular, 
which leads to the format1on of an oxime, 1s well documented 
in the literature and it is not inconceivable thQt a s1m1lar 
type of reaction occurs on the surface reg1ons of cellulose 
nitrate fibr1ls during X-ray degradation. A schemat1c path-
way for the formation of an oxime in a cellulose n1trate 1s 
shown in Figure 5.12. 
Although the Barton Reaction is normally favoured by the 
formation of a 5- or 6-membered transit1on state, this 1s not 
readily feasible in a B-D-anhydroglucopyranose r1ng system. 
For the schematic shown, a ?-membered trans1tion state 1s 
proposed which would invoke a 1,7-hydrogen shift. Evidence 
144 for th1s shift has recently been proposed, although 1t 1s 
not 1nconce1vQble that due to the mater1.::d bclnq a poly1Hct-, 
certain of its degrees of freedom must be restr1ctcd and per-
haps in this case, a ?-membered transition state is not too 
improbable. 
H /1-i I ( c['~ X· c(' 1 XY -Yo 
J 3 I ) I I (~~/(5 c"-r/cs 
)lH 
(~ 
C/ ).(H 
I I ("" /( ( 
OXIME 
' 
129 
Y = NO or N02 
X= 0 
---·-
- -
( 
c-( 1 x-H 
) I I c~4/cs ( 
1 +Y• 
~0 
/( 
XH ( 
I I 
c~c/c 
Figure 5.12 Schematic pathway for the formation of an oxime 
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Other possible "advantages" of a Barton type react1on 
are that it is catalysed by H2so4 , H3Po4 , P2o5 , etc. A 
repeat of a previous experiment of an X-ray induced degraded 
2.2 DOS material, where tBe sulphate ester group was monitored 
at the surface showed that the amount of sulphate ester pre-
sent rema1ns approximately constant throughout the exposure. 
Hence the presence of sulphate esters may act 1n a catalyt1c 
or photosensitlSlng role. 
If photolys1s of a nitr1te 1s effected 1n the presence 
of oxy~en, the product of rearrangement is not a n1troso com-
pound or an oxime but a nitrate, which is easily converted 
into the corresponding alcohol by m1ld reduction. 145 The 
reaction is believed to take a pathway 1n wh1ch the 1n1t1al 
carbon rad1cal is captured by oxygen instead of nitr1c ox1de. 
This may account for results in the work of Clark P~ al, 
where when a sample of cellulose nitrate was degraded by uv 
light 1n a dry oxygen atmosphere, there was no ev1dencc for a 
low bind1ng energy nitrogen peak. 
5.5 The Thermally-Induced Degradation of Cellulose Nitrates 
The thermal degradation of cellulose nitrates is obv1ously 
of more technological interest than that induced by X-rays. 
Recent studies of the thermal degradation of cellulose n1trates 
have concentrated on monitoring the rate of evolut1on of 
nitrogen oxides at elevated temperatures as determ1ned by 
h . l . NOX l t h · l 3 9 c em1 urn1nescence ana yser ec n1ques. In such measure-
ments the loss of n1trogen ox1des 1s mon1tored contJnuously, 
g1v1ng direct 1nfonnat1on on rates, but no inforlllat1on ~~ ,-JV<~I 1-
able on the react1on of degradation products w1th other con-
stituents. 
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Since it is considered that all degradation processes 
occur initially at the surface, because it is this surface 
which interfaces with the environment, then ESCA is potent-
ially capable of monitoring the degradation process within 
the outermost few tens of Rngstroms of such systems. 
In this study two cellulose nitrates of differing degrees 
of substitution were used, and placed in a thermostatically 
0 
controlled fan circulating oven at 130 C in air. 
chosen as this is the temperature used in the Abel Heat 
Test. 62 
5.5.1 Thermal Degradation of a 2.2 DOS cellulose nitrate 
This material was prepared in mixed acids as de-
scribed elsewhere in this thesis. Mgka core level spectra 
are shown in Figure 5.13 for times of 0, 2, 5 and 17 hours 
at 130°C in air. 
It is evident from Figure 5.13 that very little 
change has occurred in the surface regions of the sample. 
There is no evidence from the c 1s core level envelope to 
suggest the appearance of carbonyl or carboxylate functional-
ities, and the Nls core level suggests no evidence for the 
formation of a low binding energy nitrogen peak at a binding 
energy of ~400 eV. 
Figure 5.14 shows graphically the slight decrease 
0 in the N1s;c1s area ratio against time at a temperature of 130 c. 
Detailed visual inspection, however, of a sample 
thermally degraded for 17 hours and then compared with the 
starting material and a sample exposed to X-rdys for 100 minutes 
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Figure 5.14 N1s ;c1s area ratios versus time. 
Plate 5 .1 Photograph showing samples (l) pristjne material , 
(2 ) X-ray induced degraded material and {3) 
thermally degraded materia l 
134 
reveals some startling contrasts (see Plate 5.1). 
The starting cellulose nitrate in all cases 1s 
white and fibrous in nature (Sample 1). That of the X-ray 
degraded sample shows slight yellowing and there 1s no longer 
any fibrous character. The sample is powdery (Sample 2). 
* The thermally degraded sample is dark brown 1n colour. 
F1brous character is still ev1dent, although the sample lS 
brittle and 1ts dimensions had shrunk. 
5.5.2 Thermal Degradation of a 2.6 pos cellulose nitrate 
The sample was prepared by standard procedures 
as outlined in this thesis. Again there is no evidence from 
the c1 s and Nls core level spectra for any cNange 1n the sur-
face except the N1 s;c1 s area rat1os decrease sl1ghtly w1th 
t1me. The data are shown 1n F1gure 5.15. 
These results would tentat1vely suggest thilt c1bhcr 
the thermal degradation of cellulose n1trates 1s more bulk 
orientated than surface, or the presence of an oxygen mono-
layer at the surface inhibits the formation of a low b1nd1ng 
energy nitrogen component as was discussed in Sect1on 5.4. 
To determine the role of the latter is the sub-
stance of the next section. 
* Footnote: Sample 3 has been scraped pr1or to photogrilphlny. 
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Figure 5.16 N1s;c 1s area ratios VePsus time 
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5.5.3 The Thermal Degradation of 2.2 DOS cellulose 
nitrate in a flow of dry, oxygen free, nitrogen 
was used. 
An identical sample to that used in Section 5.5.1 
The oven (130°C) was flushed for four hours with 
dry, oxygen free, nitrogen gas prior to insertion of the sample. 
Figure 5.16 shows the slight decrease in N1s;c 1s area ratios 
against t~me. Comparison with Figure 5.14 sbows these curves 
to be similar within the experimental error. Aga~n there is 
no evidence for a low binding energy nitrogen component or 
oxidised carbon environments within the top 50~ of the surface 
of the material. Therefo~e, ehe eenclus~0n to be drawn is 
that the thermal degradation of cellulose n~trates ~s 1ndeed 
a bulk phenomena as opposed to the electromagnet1c degradat1on 
which we have shown to be su~face or1ented. 
Similar contrasts between bulk and surface data 
146 for the thermal degradation of low density polyethylene 
and Bisphenol-A-Polycarbonate147 have been observed ln thls 
laboratory. 
In the case of Bisphenol-A-polycarbonate 147 after 
0 0 15 hours at 175 C (25 above the T ) the sample is opaque and g 
sllghtly brittle ~n nature. After ~1000 hours, the sample 
is totally opaque and extremely brittle. However, ln both 
cases the c 1s and o 1s envelopes appear identlcal as lS the 
c 1s;o1s area ratios. It is known from photo-oxldatlon work 
148 
on the system that after 1000 hrs. irradiation wlth a uv 
-2 black lamp (A>300nm, flux=0.25 watts.m ) there lS extcns1vc 
ox1dat1on of the ~-,urfJ.cc Jn .nr. 
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5.6 Corrunents 
The use of ESCA has led to important advances ln the 
understanding of the surface degradation of cellulose nltrates. 
The formation of the low blnding energy nltrogen component 
has led to the postulation of a possible degradation pathway 
in these systems. However, one of the most lnterestlng 
features of this work has been the difference in the degrad-
ation dependent on the mode used to degrade these materlals. 
Thermal and electromagnetic modes of degradation appear to 
------ - -
be two distinct mechanisms - one being surface oriented and 
the other bulk. Clearly a great deal of research has yet 
to be done on this interestlng aspect; not only on cellulose 
nitrate systems but also on synthetlc hlgh polymers. OG-
viously the use of ESCA or other surface technlgues and bulk 
techniques such as solid state and solution nuclear magnetlc 
resonance spectroscopies must play an increasing role ln the 
analysis. 
CHAPTER SIX 
A PRELIMINARY INVESTIGATION OF THE THERMAL 
AND X-RAY INDUCED DEGRADATION OF CELLULOSE NITRATES 
13 BY FAB/SIMS AND C N.M.R. 
138 
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6.1 Introduction 
In Chapter Five of this thesis, the use of ESCA was 
reported in the study of the X-ray and thermally 1nduced 
degradation occurring in the outermost top 40R of the sur-
face of cellulose nitrates. X-ray induced degradat1on 
produces pronounced changes in the ESCA spectrai the most 
notable being the loss of n1trate functionality and the 
possible formation of an ox1me structure which were ev1dent 
from the Nls core level spectra. In contrast, only a sl1ght 
decrease in n1trate concentration was observed for thermal 
degradation. 
Visual examination of the samples revealed a slight 
surface yellowing for the X-ray degraded sample and an ex-
tensive dark brown discolouration plus shr1nkage for thermal 
degradat1on. This data led to the suggestion that degrad-
ation arising from electromagnetic radiation is surface 
oriented, whereas thermal degradation is predominantly a 
bulk effect. 
To complement these ESCA studies, this chapter outl1nes 
further investigations of these mater1als us1ng FAB/SIMS (Fast 
13 Atom Bombardment Secondary Ion Mass Spectrometry) and C NMR. 
The application of SIMS to polymeric surfaces is still 
. 't . f 174-180 d f d 1 d . 1n 1 s 1n ancy an more un amenta stu 1es are requ1red 
to enable the full potential of this technique to be realised. 
However, it will become apparent from the following results 
and d1scuss1on that th1s surface technique ts con1plclllcntary 
to ESC/\, and hlgh]lCJhts the dlffercnc<". 1n tl1r· n.JLurc: rJ!" Llll' 
surface chem1stry of degraded cellulose n1LraLes. 
It has already been alluded to in an earlier chapter 
of this thesis how solution state, proton noise decoupled 
13c n.m.r. has led to a better understanding of the bulk 
. t f th t . l 45,47,181 m1crostruc ure o ese rna er1a s. The use of 
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this techn1que has been employed to monitor changes 1n the 
bulk chemistry of cellulose nitrates during degradat1on. 
6.2 Experimental 
The cellulose nitrate used was prepared by the standard 
method outlined previou_sly, from Wha·tman-1 f1l ter p~pere. 4 5 ' 4 7 
This gave a cellulose nitrate of degree of substitut1on of 
2.2 from ESCA and bulk techniques (i.e. 13c n.m.r. and m1cro-
K]eldahl) . 
Samnles were degraded in a manner outl1ncd tn the 
prev1ous chapter. 
FAB/SIMS spectra were recorded on a Kratos SIMS 800 
system, and analysed using the Kratos SIMSCAN software package 
employing a DEC PDP-11 minicomputer. Samples were introduced 
into the SIMS spectrometer via fast insertion locks. The 
-10 base pressure of the system was ~5xl0 torr. Argon gas 
was introduced into the ion gun to a pressure of lxlo- 6 torr, 
and there subsequently to the neutral1sation chamber of the 
-6 FAB gun to a pressure of 3xl0 torr. The 500V accelerat1nq 
voltage used gave a secondary electron emiss1on current of 
-9 ~5xl0 A. The 3kV beam gave a secondary electron em1ss1on 
current of ~5xlo- 6 A. 
n.m.r. (90.56 MHz), proton ~oise decoupled spectra 
were run on a Bruker WH-360 spectrometer at the University of 
Edinburgh. 10% by weight solutions were made up in DMSO-d6 . 
0 Spectra were taken at a temperature of ~so C. 
6.3 Results and Discussion 
6.3.1 FAB/SIMS 
The FAB/SIMS spectra displayed in Figure 6.1 
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(a,b,c) were obtained from a sample of cellulose nitrate (a) 
of DOS 2.2, and then (b) thermally degraded, (17 hrs. @ l30°C 
in air) and (c) X-ray induced degradation [12 hrs, Tik 
(1, 
(13.5kV, 18mA)] us1ng a SOOV accelerat1ng voltage and a 3 
minute acquisit1on time. In all the spectra, peaks nre 
evident at 23, 27 and 39 amu and arise from Na+, Al+ and K+ 
182,183 
contaminants. These are invariably present In SIMS spectra. 
Fragments of mass greater than 60 amu only appear at low In-
tensity. 
Apart from the addition to the complexity of the 
spectra aris1ng from the presence of a patched hydrocarbon 
overlayer, known to be present at the surface from ESCA studies, 11 
the fragments sputtered from the surface may undergo reactions 
before reaching the detector. It is therefore not the 
intention in this chapter to undertake a comprehensive analysls 
of the spectra, but rather to highlight certain features which 
are obviously different on comparing the three sets of spectra. 
The peaks at 29, 30, 31, 41, 43 and 46 amu, whose 
possible assignments are given in Table 6.1, are taken In the 
present case as a monitor for the differences in the three 
samples. 
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TABLE 6.1 
Possible Assignment 
+ + NO I CH20 
CH 20H+ 
c 3H5+, CH 2C=N+ 
c 3H7+, CH 3C=O+ 
It is evident for the pristine material that 
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+ the peak at 46 amu (N0 2 ) is not very 1ntense, wh1ch ~s ~n 
contrast to that obta1ned 1n simple aliphat~c nltrQtcs ut~l­
ising electron impact (EI) ion1sation. 184 However, the peak 
at 30 arnu is intense. By comparison with F1gure 6.1 (b,c) 
and from the known nitrate ester group concentrat1ons at the 
surface from ESCA studies (c.f. Chapter Five) , 185 a maJor 
+ 
contribution to this peak would appear to ar1se from NO . 
This suggests that either NO+ is preferentially sputtered 
from the surface or that N0 2+ undergoes dissoc1at~on on 
pass1ng through the high energy reg1on at the surface/vacuum 
. f 176 1nter ace. 
It is evident from Figure 6.1 that the ma1n d~ffer-
ence occurring in the peaks listed 1n Table 6.1 for thermal 
degradation are decreases in intensity at 30 and 46 amu 
relative to the other peaks at e.g. 29, 41 and 43 amu. These 
observed differences in the FAB/SIMS spectra are ind1cative 
of only a small loss of N0 2 from the n1trate ester groups, 
144 
and are as such complementary to the ESCA studies where a 
slight decrease in the number of nitrate groups in the outer-
a 185 
most top 40A of the sample was observed. 
The FAB/SIMS spectra for the X-ray degraded 
sample, which from the ESCA stud1es is known to have a maJOr 
depletion in the nitrate ester concentration, 185 reveals very 
low intensity peaks at 30 and 46 amu, in comparison with the 
pristine and thermally degraded mater1als. 
It is clear from these results that a maJor loss 
of nitrate ester functionality in the surface of cellulose 
nitrate is only observed for X-ray induced degradation. In 
addition, for this latter sample, a major change 1n the 
relative intensit1es of the 28 and 29 amu peaks is observed. 
From a ~0.22:1 ratio in the undegraded cellulose n1trate and 
thermally degraded sample; on X-ray induced degradatlon thls 
ratio changes to ~1:1, and is strongly indicatlve for the 
presence of other degradative residues apart from those left 
by the loss of N0 2 in the surface regions. 
179 In a SIMS study of cellulose acetate by Brlggs, 
prominent peaks appear at 81, 97, 111, 127 and 169 amu and 
were assigned to aromatic heterocyclic ions derived from the 
S-O-glucopyranose ring system. The FAB/SIMS spectra of 
cellulose nitrates does not give rise to such peaks and hlgh-
lights the significant differences in the fragmentatlon patt-
erns of the two esters. 
Investlgatlon of polymer surfaces by STMs 174 -lBO 
186 
and ion beam hombL!r-dment of polymers <ts stud1_ed by IO:SC/\ 
have revealed that extenslve degradatlon of the pr1_stLnc 
145 
material occurs. Extreme care must therefore be taken to 
prevent significant sample damage occurring before a SHIJ.S 
spectrum representative of the true surface can be recorded. 
Figu~e 6.2 reveals the peak intensit1es as a 
function of scan number for the original cellulose n1trate 
(SOOV, 3 mins. per scan). As is evident from Figure 6.2 
the peak intensities remain essentially constant over the 
first seven scans (~21 minutes) and then rap1dly decrease 
indicative of significant sample damage. S1m1lar trends 
e1re obseryed for si_g_n9-J, intensities as a function of scan 
number for the degraded materials. 
For comparison, positive ion spectra were also 
recorded at a 3kV accelerating voltage. As can be seen from 
Figure 6.3, the signal intensit1es decrease exponcnt1~l ly. 
For example, after the third scan (here l scan fJO "->ccondc,) 
the 46 amu peak has decreased in intensity by '\,75'.~. These 
data therefore indicate that low accelerat1ng voltages 
should be preferentially used when investigating mater1als 
by FAB/SIMS to prolong the lifetime and integrity of the 
sample surface. 

F1gure 6.1 
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6. 3. 2 n.m.r. 
The above discussion on the SIMS data and the 
previously discussed (Chapter Five) ESCA studies 185 lmply 
148 
that in cellulose nltrates, thermal degradatlon is a bulk-
orieNtated phenomenon. Solution state, proton nolse de-
13 
coupled, C n.m.r. has led to a better understandlng of 
the bulk microstructurE of cellulose nitrates, 45 , 47 , 181 and 
as such should give a good indication of the changes ln the 
bulk chemistry during thermal degradation. Unfortunately, 
the samp-le size of the X-r-ay induced degraded sample lS too 
small to allow analysis by 13 C n.m.r. Figures 6. 4 and 
6.5 show the relevant 13c solution n.m.r. spectra for the 
undegraded prlstlne material and the thermally degraded 
samples respectlvcly. The ass l_gnmcn t of th(· peal~ s 1 n 
Flgure 6.4 are shown ln Chapter Two of th1s Lhcsls. 
From a compar1son of these spectra, 1t lS clear 
that the thermally degraded sample shows a relat1ve loss of 
the 2,6-di, 3,6-di and 6-monosubstituted residues. The 
2,3,6-trisubstituted residues appear to re~ain constant al-
though this is not conclusive. A striking feature of the 
spectrum shown in Figure 6.5 is the ra1sed background ln the 
regions 55-90 ppm. and 90-110 ppm. This feature lS lndlc-
ative of a numerous variety of atomlc environments whlch 
merge into a manifold of nuclear states arlslng from the 
degradation of the material. 
It was also noted that the thermally degraded 
material dissolved easily in DMSO-d 6 and this solution was 
not viscous. This is in contrast to a normal cellulose 
149 
8 
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Figure 6.4 13 C n.m.r. (90.56 ~1Hz) solut1on spectrum of an 
'::!_t:ld~9-rztd~~ cellulose ni ~rat~-------- _________ _ 
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Figure 6.5 13c n.m.r. (90.56 MHz) solution spectrum of a 
thermallY degraded cellulose nitrate. 
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nitrate where dissolut1on is slow (requires heat to ~so0c) 
and the resultant solution is viscous at room temperature. 
The data presented in this chapter suggests 
further evidence for the bulk-orientated effect of the 
thermal degradation of cellulose nitrate. 
CHAPTER SEVEN 
THE SURFACE TREATMENT OF CELLULOSIC MATGRII\LS 
WITH TRIFLUOROACETIC ANHYDRIDE 
152 
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7.1 Introduction 
The role of polymeric materials can be greatly enhanced 
by modifying the surface properties. It is the surface 
whlch interfaces with the surroundings, and hence many uses 
of polymeric materials are due to their surface properties. 
It has been shown t~at a wide variety of surface treatments, 
. 187-189 both wet chem1cal and those occurring at solid-gas 
. 190-197 1nterfaces may be used to mod1fy the wettab1lity, 
printing and laminating characteristics of a polymer without 
affecting the -desirable bulk properties of the mater1al. 
Grafting processes are of pr1me 1mportance 1n the tcxt1lc 
198 
manufacture and finishing lndustrles, thereby reduc1ng 
. h b 'ld 199 h . k db' l l t k 200 statlc c arge u1 -up, s r1n age an 10 og1ca at ac . 
ESCA has an important part to play in the evaluat1on of 
functional group analyses for correlation with surface pro-
perties of interest. Hence it is hoped that surfaces can 
'1 d f 'f' d 201,202 be tal or-rna e or specl lC nee s. 
Quantitative ESCA analysis of specific surface funct1on-
al1ties lS often h1ndered by the co1ncidence 1n b1ndLn~ oneryy 
arising from atoms of the same element 1n diffcrlng chcmlcill 
environments. Many organic nitrogen conta1n1ng spec1es are 
overlapping, for example, amide, amine, oxime and nitrogen in 
many heterocyclic structures. Carbon-carbon unsaturation and 
phenyl groups are difficult to distinguish from saturated 
carbons, although shake-up structure may be used as a disting-
186 
uishing feature. Recently, this laboratory is research1ng 
into short and long range unsaturat1on via the asymmetry of 
peaks and the so-called 'step-functlon'. 
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In surface oxidation, ambiguities often arise. 79 ,SO,lOJ 
For example, signals arising from carbon s1ngly bonded to 
oxygen can originate from peroxides, esters, carbonates, etc. 
as well as simple ethers and alcohols. Although the Ols 
core level is potentially useful concerning the ox1dised 
surface species, the limited resolution and small range of 
binding energies (typically ~2 eV) ~akes peak-fitting of most 
1 b . 79 o1 s enve opes am 1guous. 
Therefore, derivatisation techniques have been developed 
which are not only specific, but also enable a degree of 
signal enhancement to be achieved. These methods ut1lise 
reagents which label or tag a spec1fic chemical funct1onal1ty. 
The label or tag should be more readily detectable under ESCA 
analys1s, hence s1mpl1fying the complex s1tuat1on. 
203-205 Chem1cal tagg1ng or labell1ng procedures, however, 
are fraught w1th difficult1es, but a perusal of the recent 
literature allows one to draw up a table of ava1lable labell-
ing reagents (see Table 7.1). It must be stressed that this 
table is anything but complete. 
Many of the techniques employ wet chemical cond1tions 
(where solvent effects may be pronounced) , or vapour phase 
techniques. A good chemical tagging agent must be h1ghly 
specific and ideally react 100~ with the substrate. Also 
the stab1l1ty and mobil1ty of the tag must be evQluatcd. 
A react1on of considerable current interest 1s the tr1-
fluoroacetylation of hydroxyl groups as proposed by Hammond 
et al. 206 Everhart and Reilly 204 have applied the use of TFAA 
(trifluoroacetic anhydride) to labelling the hydroxyl groups 
formed on the surface of low density polyethylene film after 
,, "-- I , 
TABLE 7.1 ESCA Studies Using Polymer Surface Der~vat~sation 
Substrate 
Na treated PTFE 
Bovine Album1n 
Plasma ~n1tiated 
PAS grafts on PP 
~~ + hydroxypropyl MA 
copolymer 
Epoxy/ester primer 
Corona treated PE 
Reaction 
> C=C< 
Br2 
Br Br 
I 
c - c 
® - NH 2 Et-S-C ( O) -CF 3 \P"\ -N - C - G:F 3 U 1 II 
-co H 2 
BaC1 2 
H 0 "' 2 
OH 
I 
-CH 2 
(CF 3Co) 20 
+ 
-co2 Na 
>c = c< 
-co H 2 
0 
II 
AgN0 3 
Br2 
-
NaOH 
Br 2 
... 
-CH - C -2 -
H 0 
( -C02 ) Ba 2+ 
~ 
o - c""o 
I ....._ 
-CH CF 2 3 
- + 
-co2 Ag 
Br Br 
I I 
~ - ~ -
+ 
-co2 Na 
Br 0 
I II 
- c - c -
Br 
>C=O 
c6F 5-NH-NH 2 >-c = N - NH - c;: 6F 5 
- ' p 
'~ -co H 2 
TlOEt --~' -co 2T1 
P~otoox1d1sed C 
- H -0-0H Blsphenol-A-Polycarbonate 2 
so 2 
~
-CH 2-o-so 3H 
Riggs and Dwlghtl89,211 
M1llard and Masri 212 
Bradley and Czuka213,214 
Hammond et al206 
206 Hammond e t a l 
215 Spell and Chr1stenson 
Br1ggs and Kendal 216 
Briggs and Kendal 216 
Briggs and Kendal216 
203 Bat1ch and Wendt 
217 Munro 
1-' 
IJ1 
IJ1 
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exposure to Ar and N2 r.f. plasmas. The1r method of derivat-
ivisation involved a solution phase react1on in benzene 
followed by Soxhlet extraction from diethyl ether. This lS 
perhaps an unsatisfactory method as the effect of the solvent 
may not be apparent. Munro used a vapour phase reaction of 
Bisphenol-A-polycarbonate 207 and TFAA to label hydroxyl groups 
prior to and after uv irradiation. Also, Wilson 208 has liSed 
this vapour phase treatment on polyvinylalcohol and a var1ety 
of coals and bitumens. 
Trifluoroacetylation has also found use 1n labell1ng 
amines, epoxides and carboxylates. A recent study by D1ck1e 
t '~ zog · 1 d . TFAA d . . . f h d 1 e a~ 1nvo ve us1ng to er1vat1se a ser1es o y roxy 
functional acrylic copolymers. Angle dependant ESCA studies 
of these samples, which had undergone complete react1on w1th 
209 TFAA, were analysed using single and multiple overlayer models 
(see Chapter Two). 
The advantages of TFAA as a surface tag are four-fold: 
(1) The introduct1on of fluorine may easily be detected by 
mon1toring the Fls core level. 
(2) The Fls photoionisation peak has a high cross sect1on, 
and hence a small amount of fluor1ne in the sample g1ves 
rise to a high intensity of the photo1on1sat1on peak. 
(3) Three fluorine atoms are introduced per funct1onal1ty 
labelled. 
(4) The signal arising from fF 3 is shifted ~8 eV to the high 
binding energy side of the hydrocarbon peak at 285.0 eV, 
and therefore in the systems encountered 1n th1s thcs1s, 
is cusy to dJst1ngu1sh. 
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The ability to monitor the extent of reaction using data 
from one co~e level (e.g. c1s), and using relative 1ntens1ty 
ratios of two core levels (e.g. c 1s/F1s) aids analysis apprec-
iably, since then possible effects of differing depths for 
the core levels concerned may be proved (see later). 
The aim of this work is to have a 'back-t1trat1on' 
effect on the DOS of cellulose nitrates. Obv1ously, before 
this can be attempted, it is preferable to obtain data on the 
effect of the vapour phase treatment of TFAA on other cellul-
osic_, and cellulosic-type molecules. 
In this chapter, the use of TFAA as a chemical tag for 
cellulosic materials is discussed. Systems used include 
cellobiose, cellulose and cellulose nitrate. 
7.2 Exper1mental 
The cellobiose was obta1ned from Aldr1ch CIH~miccJ I Co1np<1ny 
and was not further purified. Both samples were dr1ed for 
several days in a P2o5 vacuum dessicator. 
The cellulose used was Whatman-1 filter papers which 
were prepared to use as described in Chapter Three of th1s 
thesis. The cellulose nitrates were prepared by standard 
methods already outlined. 
The trifluoroacetic anhydride was prepared 1n the labor-
atory from the reaction of phosphorus pentox1dc on tr1fLuoro-
acet1c ac1d. 'rhc sample was chcckccl for purtty hy q<~·,-lJqttJ<i 
chromatography, to ensure that no ac1d was prcscnl. 'l'h LS 
sample was degassed to constant pressure on a vacuum l1ne 
prior to reaction with the substrate. 
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The experimental set-up for the vapour phase treatment 
is shown schematically in Figure 7.1. It is noted that grease-
free vacuum lines are used to eliminate contamination of the 
surface from grease, silicon, etc. 
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Figure 7.1 Experimental set-up for the vapour phase treat-
ment of cellulosic materials with TFAA 
ESCA spectra were run on a Kratos ES300 electron spectre-
meter ewploying a Mg and Ti dual anode. Spectra were analysed 
using the Kratos DS300 data station. 
The area ratio and stoichiometry data presented 1n the 
following sections of this chapter are treated in the manner 
outlined below. N1s;c1 s and N/C ratios are quoted after 
subtraction of the area due to the fF 3 and 0-C=O groups. 
This approach therefore eliminates the two extra carbons 
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added per trifluoroacetate gro~p, and enables a direct corn-
parison to be drawn with the N1s;c1s area ratios quoted else-
where in the thesis. This has not been done for the F 15 /C ls 
area ratio in the figures, because it will become apparent 
in the script, the reaction of TFAA is not vertically homo-
geneous. 
7.3 Results and Discussion 
7.3.1 Reaction of TFAA with cellobiose as a funct1on 
of time 
The Cls' o1 s and F1 s core level spectra of cello-
biose obtained using the ES300 !'-lgk source ( 12kV, 8mA) for 
al,2 
the untreated material and after TFAA trea,trnent are displayed 
in Figure 7. 2. 
The c 1s core level spectrum of the start1ng mater-
ial may be peak-fitted to reveal three component peaks. The 
central component at ~286.7eV bind1ng energy ar1scs from the 
carbon atoms singly bonded to one oxygen atom 1n the mol~culc. 
The carbon atom uniquely attached to two oxygen atoms 1n the 
cyclic hemiacetal formulat1on of the S-O-glucopyranose ring 
system is responsible for the component peak situated at high 
binding energy. The peak at 285.0eV binding energy, as d1s-
cussed earlier, 1s due to extraneous hydrocarbon at the surface. 
Consideration of the o1s;c 1s area ratio, allowing for the 
hydrocarbon contaminant peak, indicates that the cellob1ose 
cont3ins very l1ttlc residual water. 
c,~ 
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Figure 7.2 Mgka c15 , 0 15 and F15 core level spectra as a 
function of treatment time. 
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On exposure to TFAA vapour for 15 minutes, there 
is clear evidence for trifluoroacetylation as shown by the 
appearance of a single F1 photoionisation signal, accompanied s o-
/ by the development of fF 3 and CF 3f, ester in the c1s 0 
envelope at 293.6eV and 290.leV respectively. 
A graph of F:C stoichiometry versus time of ex-
posure is shown in Figure 7.3. 
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Figure 7.3 F/C stoichiometric ratios versus treatment tlme 
Assessment of the extent of reaction, in terms 
of the number of hydroxyl groups reacted, and the correspond~ng 
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tensive studies by Clark and co-workers have ~nvestigated the 
magnitude of electron mean free paths as a function of kinetic 
energy for a variety of polymeric systems. For linear poly-
mer systems, under Mgk radiation, typ~cal mean free paths 
al,2 
corresponding to photoemission from Fls' o 1s and c1s core 
levels with k~netic energies of ~560eV, ~720eV and ~969eV are 
rv9R, ~loR and ~15R, giving effective sampling dep·ths of 'l-27R, 
~3oR and ~45R respectively. 
Hence, the percentage component of the c1s envelope 
due to the £F 3 groups, is that at which ~95% of that s~gnal 
is from a depth of rv45R. However, the F/C stoichiometries 
of the systems predicts a higher percentage of CF 3 groups s~nce 
here the Fls signal arises from a sampl~ng depth of only ~27~. 
Therefore the data suggest a concentration profile into the 
bulk. This suggestion can be checked by employ~ng the depth 
prof~ling fac~lity of the ES300 electron speclromclcr u~1ny 
the Tik anode (see Section 7.3.2). 
Ci 
7.3.2 A Depth Profiling Investigation employ1ng 
Tika X-ray radiation 
The Cls' o 1s and Fls core level spectra as a 
function of exposure time are shown depicted in F~gure 7.4 
using the Tika (13.5kV, 18mA) X-ray source. 
The C/0 stoich~ometry for the untreated cellob~ose 
spectrum shows no ev~dence for hydrocarbon contam1nat1on, 
supporting the f Ctc t thCtt the hydrocarbon is only ~ L L~'" ted "L 
the very surface and lS extraneous. 
After exposure to TFAA for 15 minutes, pronounced 
x0-5 xi·Z5 
xO·If 
5"3'5 
B.£ (ev) 
Figure 7.4 Tika Cls' o1s and Fls core level spectra as 
a function of treatment time ~~~~~~~------------
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changes are seen to occur. The introduction of fluorine 
into the sample is evident from the sharp Fls core level 
signal. Figure 7.5 depicts graphically the F/C stoichiometry 
as a function of time. By comparison with Figure 7.3 it is 
clearly evident that the rate of reaction at ~130~ follows 
similar trends as that at ~40~. However, the level of re-
action is considerably less, which adds evidence to the con-
centration profile mentioned in Sectlon 7.3.1. 
0~ 
F/C 
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01 ~---------------------------------------2 3 4 5 6 7 8 
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Figure 7.5 F/C stoichiometric ratios versus treatment tlme 
It must be stressed, however, that the trace level 
of reaction at ~130~ is less than that depicted ln Figure 6.5 
because of contributions to the signal intensities from ~40~ 
(see Chapter Two, Section 2.7). 
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In conclusion, the reaction of TFAA with cello-
biose does not appear to go to completion, however, 1nterest-
ing trends suggest that some hydroxyls of the cellob1ose are 
more reactive than others. Unfortunately, ESCA is incapable 
of adding any further evidence to this effect. 
7.3.3 Reaction of Cellulose with TFAA as a Function 
of Time 
The reaction of trifluoroacetic anhydride w1th 
the free hydroxyl groups in cellulose is expected to be sim1lar 
- -
as that shown with cellobiose. Cellobiose 1s taken as the 
repeat unit in the cellulose structure. 'fhcreforc <lny app<~ r-
ent differences must be due either to morpholog1cul effects 
or the absence in cellulose of the end group hydroxyls. 
The experiment is identical to that used for cello-
biose; the cellulose being dried thoroughly before use. Figure 
7.6 depicts the Cls' o1 s and Fls core level spectra as a 
function of exposure time. Figure 7.7 depicts graph1cally 
the F/C stoichiometry at the surface as a function of t1me. 
Clearly the initial reaction is fairly rap1d, but us in the 
cellobiose case,the reaction appears to plateau out uftcr 
about 1 hour exposure time. Compar1son w1th F1gurc 7.3 
clearly shows the similarity between the reaction of TFAA w1th 
cellulose and cellobiose. For example, after 15 minutes 
exposure time the F/C stoichiometry for cellulose and cellobiose 
are 0.39 and 0.32 respectively. At 1 hour exposure time the 
stoichiometries are 0.53 and 0.53 and again after two hours, 
0.61 and 0.59. 
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relative intensity for the trifluoromethyl carbon, reveals 
that a complete esterification of the available hydroxyl 
groups is not accomplished even after prolonged exposure time. 
However, it is evident from Figure 7.3 that the 
reaction has not reached an equilibr1um value. If one con-
siders the cellobiose molecule, it is clear that if only one 
hydroxyl is replaced by a tr1fluoroacetate group then the F/C 
stoichiometry shown equals 0.214. Clearly, after ten hours 
exposure time the F/C stoichiometry 1s approach1ng that ex-
pected if five of the eight hydroxyls had been replaced. 
It is also of note that within 15 minutes, the F/C 
stoichiometry has reached a value whereby two of the hydroxyl 
groups have reacted fairly rapidly. 
From the component analysis of the c1 s envelope 
it is evident that the number of CF 3 groups (see Table 7.2) 
is not as large as the F/C stoichiometry would suggest. 
TABLE 7.2 
TI~E F/C % CF 3 (expr.) % CF 3 (expected) 
15 mins. 0.32 5.3 10.6 
30 mins. 0.44 10.75 14.6 
1 hr. 0. 53 15.0 17.6 
4 hr. o. 61 18.3 20.3 
10 hr. 0.65 20.1 21.6 
The data must be explained by the d1ffer1ng samp-
ling depths of the c15 and F 15 core electrons. 'l'hlS theSlL, 
hus <Ilre<Idy <Illuded to the concepts of electron mean free 
paths and sampling depths within the ESCA exper1ment. Ex-
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Figure 7.7 F/C stoichiometric ratios versus treatment time 
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Therefore, it may be concluded from a comparison 
of the data for cellulose and cellobiose that surface morph-
ology plays little part in the vapour phase reaction of TFAA 
with these materials. Clearly, it is the react1vities of 
the hydroxyl groups within these molecules which determine 
the extent and rate of reaction. 
The reaction of TFAA with S-D-glucose was attempted 
but it was clear from tBe core level spectra that the react1on 
was clearly not just an esterification process. It lS be-
lieved tha·t ep_imerisation and other side react1ons _took place. 
However, it did prove that glucose is a 'bad' monomer un1t 
for cellulosic materials. 
In the case of cellobiose and cellulose there is 
an increase in the magnitude of the sample charging on pro-
gressive fluorination of the cellulosic materials. F1gure 
7.8 depicts this samp!e charging, relative to the untreated 
materials, as a function of exposure t1me. 
The results presented so far 1n th1s chapter have 
shown that, under the conditions employed, trifluoroacetylatlon 
of all the available hydroxyl groups in cellulose or cellulose-
type 'monomers' is not accomplished, even after prolonged 
treatment with TFAA. 210 This is in contrast to the work of 
Wilson108 on polyvinyl alcohol where complete chemical tagg1ng 
using TFAA is accomplished w1thin 15 minutes. The use of 
TFAA as a label for hydroxyls on cellulose has prev1ously 
been attempted by Wilson108 and similar trends have been shown 
to occur. 
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Figure 7.8 Sample charging as a function of treatment t1me 
The next section of this thesis explores the 
possible use of TFAA as a blocking agent to study the role of 
the remaining hydroxyl groups in the chemistry of cellulose 
nitrates. 
7.3.4 The Reaction of TFAA with a 2.2 DOS Cellulose 
Nitrate 
If in the case of cellulose nitrates the rema1ning 
hydroxyls can be esterified by the use of tr1fluoroacet1c 
anhydride then a "back-titration" effect will be accompl1shed. 
19 Then the use of F nmr could be employed to determ1ne pr1mary 
and secondary hydroxyls, and the1r sequence distr1but1on. 
Although this can also be established via 13c n.m.r., the 
use of 19 F nmr has many advantages, e.g. 100% abundant spin 
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nuclei,, large chemical shifts, etc. However, before this 
can be employed one needs to determine whether all the free 
hydroxyls at the surface can be esterified, i.e. 1s TFAA 
on cellulose nitrate a good chemical tag. 
Figure 7.9 depicts Cls' Ols' Nls and Fls core 
level spectra as a function of exposure time to TFAA at 
ambient temperature. Figure 7.10 shows a graph of F/C and 
N/C stoichiometric ratios as a function of exposure time. 
As is clear from Figure 7.10 complete esterification of the 
h¥d~oxyls does not occur, and in comp~~ison with the reaction 
of TFAA with cellulose (see Figure 7.7) the reaction with 
cellulose nitrate is slightly more rapid although the extent 
of reaction is less. 
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Figure 7.10 F/C and N/C stoichionetric ratios as a 
function of exposure time 
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In Section 7.3.1 of this chapter, the differing 
sampling depths of Fls and c 1 s core level photoelectrons 
were discussed. Table 7.3 shows the experimental and ex-
pected percentages of fF 3 groups from the c1 s envelopes. It 
is clearly seen that at two hours treatment time the expected 
fF 3 and experimental fF 3 percentages are identical. Th1s 
is evidence for a concentration prof1le being set up. There-
fo~e it is obvious that although the very surface has reached 
an equilibrium (i.e. a pe~centage of the free hydroxyls have 
been esterified) , and then diffusion of the TFAA enters the 
bulk, i.e. a concentration profile is established. 
It can also be clearly seen from F1gure 7.10 that 
a slight decrease occurs in the N/C stoich1ometr1c rat1o 1nd1c-
ative of an ester exchange reaction. 
It is also apparent from Figure 7.10 that an 
induction period exists before the ester exchange reaction. 
Ester exchange reactions are normally ac1d-catalysed, suggest-
ing that it lS not until an amount of acid is present at the 
surface (i.e. free hydroxyls have been esterified by the an-
hydride) that the ester exchange reaction with the nitrate 
esters becomes important. 
7.4 Conclusions 
The series of experiments presented in this chapter have 
tried to establish whether trifluoroacet1c anhydride would be 
a good chemical "tagging agent" for the surface of cellulosic 
materials. In general, TFAA is no use in this context as 
100% reaction has not been achieved. However, model studies 
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have shown that, as far as the surface is concerned, cellulose 
and cellobiose react to approximately the same extent and 
the same rate, indicative of the rate determ1ning step being 
the attack of the anhydride on the hydroxyl group. 
TABLE 7.3 
TIME % CF 3 ( expr.) % CF 3 (expected) 
30 mins. 1. 75 2.2 
1 hr. 2.4 2.9 
2 hr. 4.05 - 4-.1-
4 hr. 4.5 4. 5 
175 
APPENDIX ONE 
A.l The ESCA Instrumentat1on 
An ESCA spectrometer comprises four essential components 
which are shown schematically in Figure A.l.l. 
X-Y 
recorder 
Andfier and 
rdtemeter 
Source 
slit 
Principle of Operat1on 
Energy analyser 
Lens system 
Filament 
Figure A.l.l Schematic of ESCA Instrumentation 
(l) X-ray source 
(2) Sample Chamber 
(3) Electron Energy Analyser 
(4) Electron Detection and Data Handling. 
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A.l.l X-ray source 
Both spectrometers have an X-ray gun of the Henke or 
hidden filament type. The ES200AA/B spectrometer lS equ1pped 
with a single Mgka (hv = 1253.6eV) source driven by a Marcon1 
Elliott GX5 high voltage supply with integrally variable 
voltage in the region of 0-60KV and 0.80mA emission current. 
Under normal working conditions the X-ray flux is of the order 
of 0.1 rads s- 1 . 
The ES300 spectrometer is equipped with a dual-anode 
x-ray gun, wrth magnesium and titanium targets and a mono= 
chromatised Alk source. 
al,2 
The characteristic emission of Mg anodes are der1ved 
from K-series transitions. In addit1on to the Ka 1 , 2 l1ne, 
a series of satellites are also present. The pos1t1on and 
intensity of these satellltes relative to the maJor peak 1s 
given below in Table A.l. 
TABLE A.l X-ray Satellite Energies and Intens1ties 
Ka. al,2 a3 a4 as a 6 S 
Mg Displacement (eV) 0 8.4 10.2 17.5 20.0 48.5 
Relative intensity 100 8.0 4 . 1 0.55 o.45 o.s. 
--------------------------
A.l.2 Sample Analysis Chamber 
The sample analysis chambers for the ES200AA/B and 
ES300 are shown schematically in Figures A.l.2 and A.l.3. 
The sample chambers are, 1n each case, equ1pped with a varlety 
of access ports and viewports. In each case, fast entry 
insertion locks permit rapid sample introduction. 
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Figure A .l. 2 Schematic of ES200 Sample Analysls Chamber 
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The ES200AA/B sample chamber and analyser are pumped 
independently by liquid nitrogen cooled diffusion pumps, as 
is the X-ray source, giving a typical base pressure of 
"-2 x 10- 8 torr. 
The ES300 spectrometer employs electrically driven 
turbomolecular pumps for pumping of the sample and analyser 
-1 -1 
regions, using Alcatel 370ffi and 120 ls pumps respect1vely. 
The dual anode X-ray gu~ and monochromator are pumped by small 
ion pumps. The typical base pressure of th1s system is 
"-2 x 10-9 torr. 
The ES300 also possesses a preparation chamber pumped 
by an Edwards E04 diffusion pump with a long-life cold trap 
backed by an Edwards EDM6 rotary pump. This preparation 
chamber also houses an electron gun (VG LEG 31). 
A.l.3 Electron Energy Analyser 
Both the ES200AA/B and ES300 spectrometers employ 
hemispherical double focussing analysers, mu-metal sh1elded, 
106 based upon the principle described by Purcell. For ESCA, 
an analyser must be capable of a resolut1on better than 1 in 
The analyser resolution is related to R, the mean rad1us 
of the hemispheres, and the combined w1dth of the source and 
collector slits, W, by 11E E = 
w 
R:· 
A focussing and retard1ng lens arrangement 1s used to 
reduce the velocity of the electrons pr1or to entry, thus 
reducing the resolut1on requ1rements of the analyser. 
The analyser may be operated in two modes: 
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(l) The retardiRg potential107 applied to the lens is 
scanned and the pass energy as dictated by the potential 
applied across the hemispheres, is kept constant; or 
(2) Scanning the retarding potential and the potentlal between 
the analyser hemispheres in unison, keeping a constant 
ratio between the two potentials. 
The first method is Fixed Analyser Transmlssion (FAT) 
has greater sensitivity at lower kinetic energies (Sa 1/E), 
resolution being fixed throughout the scan range. The second, 
Eixed_ Retardation Ratio_ (FRR), _has greater sensitivlty at 
higher kinetic energies (S a E) , resolution is not here con-
stant over the scan range. 
A.l.4 Electron Detection and Data Acquisition 
Electrons emerglng from the exlt sllts of the analyser 
pass into the inlet aperture of a channeltron electron multl-
plier. These output pulses are amplified and fed to a data 
handling system. 
of two ways: 
The ESCA spectra can be generated ln one 
(1) The continuous scan - the pass energy of the analyser 
is linearly ramped with time from a start KE; a rate-
meter monltors the signals from the multipller. lienee, 
a plot of counts per second veraus KE of the electrons 
may be plotted on a X-Y recorder. 
(2) The step scan - the pass energy is increased in preset 
increments. At each step, the counts are (a) measured 
for a fixed time, or (b) a fixed number of counts are 
timed. The data from such scans is stored ln a multi-
channel analyser or transferred directly to mlnl or mlcro-
computer. 
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TI1e spectrometers used in this study can both produce 
spectra in analogue for (X-Y plotter) or digitally (MCA-ES200, 
08300 data system - ES300) . 
The DS300 data system is based on an LSI-11 mlnl-
computer running under RTll. Data acquired lS stored OB 
floppy disc. In addition to controlling the acquisition 
of data, it also provides for the simultaneous analysis of 
data. 
The data analysis package provides for, inter alia, the 
addition, subtraction, comparison, differentiation and inte-
gration of spectra, the subtraction of satellites from spectra 
and a peak fitting/synthesis package. 
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APPENDIX TWO 
A.l Kjeldahl Analysis for Nitrogen 
The Kjeldahl nitrogen determinations reported in this 
thesis were performed according to a procedure developed at 
P.E.R.M.E., Waltham Abbey. As in all distillat1on methods 
the sample is first digested in acid or alkaline cond1tions 
to yield inorganic nitrates. This is then, if necessary, 
made alkaline and Devardas Alloy 1s added to reduce the n1t-
rate to nitrite and finally ammonia. The ammonia 1s dist1lled 
into boric acid so_luti_on_ f__gr ti_t_ra_ti_Qn with standard Q. LN 
hydrochloric acid. The digestion stage is the most crit1cal, 
especially in the analysis of cellulose nitrates since some 
samples (>12.7% N) may not be fully digested by standard 
alkaline methods. Hence two procedures, designated A and B 
are adopted, depending on the estimated nitrogen content of 
the cellulose nitrate. These two methods are described below. 
A. 2 flJ.ethod A. Alkaline Digestion for Samples <12.7% N 
50-120mg of NC were we1ghed into a glass ampoule and 
then deposited into the base of a semi-micro flask. The 
ampoule was broken and 2.0mls of H2o, O.lmls of 30% H2o 2 and 
8.0mls of 20% NaOH were then added. The flask was then heated 
by ~l00°C and maintained at this temperature for ~20 mins. to 
dissolve the sample. 20mls of H2o were then added and the 
solution was heated aga1n to ~l00°C to destroy the rema1ning 
After the m1xture had cooled to ~3o0c, 1.0010.01 gms 
of Devardas Alloy (weighed into a glass ampoule) were deposited 
into the flask. The stream inlet tube was attached to the 
neck of the flask (as shown in the diagram), and the condenser 
steam 
porcelain 
beads 
1nlet ~ 
digestion 
mixture 
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--condenser 
--Boric 
acid 
Fig. A.2.1 Schematic of apparatus for Kjeldahl analysis 
outlet tube was allowed to dip ~lomm below the surface of 
the boric acid in the receiver flask (25mls of 4% Boric acid). 
The heating of the flask was controlled to prevent excess1ve 
foaming. The ammonia liberated was steam distilled over 
with ~somls of H20 and then titrated (us1ng Bromocresol green 
as indicator) with O.lN HCl. The volume of solut1on 1n the 
flask should remain constant during the dist1llat1on. 
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A.3 Method B. Samples 12.7% N Acid Digestion 
S0-120mg of NC weighed into the reaction flask and 
cooled in an ice-water bath. 2mls. of concentrated H2so4 
were added dropwise to the flask and left to dissolve the 
sample for 30-60 m1ns. The solution was then carefully 
diluted by adding lOgms. of crushed ice and 15-17 mls of 
30% NaOH. Continued as in A. 
Since Devardas Alloy has its own nitrogen content it is 
necessary to carry out a blank determination using all re-
agents except the NC for each distillation. The method 1s 
generally calibrated using Potassium Nitrate. The n1trogen 
content is quoted to two dec1mal places although the choice 
of the wrong digestion method can give inaccurate results. 
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Fig. A.2.2 Graph of DOS versus % Nitrogen. 
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The Board of Studies in Chemistry requires that each 
research thesis contains an appendix l1sting: 
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(A) all research colloquia, research seminars and lectures 
arranged by the Department of Chemistry and the Durham 
University Chemical Society during the period of the 
writer's residence. 
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design of new heterocyclisation reactions". 
Dr. C.D. Garner (Univers1ty of Manchester), "The 
structure and funct1on of Molybdenum centres in 
enzymes". 
Dr. A. Welch, (University of Edinburgh), "Conform-
ation patterns and distortion in carbometallo-
boranes". 
Prof. C.M.J. Stirling (University College of Wales, 
Bangor), "How much does strain affect reactivity?" 
Prof. D.J. Burton (University of Iowa, U.S.A.), 
"Some aspects of the chemistry of fluorinated 
phosphonium salts and their phosphonates". 
Prof. H.F. Koch (Ithaca College, University of 
Cornell, U.S.A.), "Proton transfer to and ellmin-
ation reactions from localized and delocalized 
carbanions". 
13 September Prof. R. Neidle1n (University of Heidelberg, FRG), 
"New aspects and results of bridged annulene 
chem1stry". 
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27 September Dr. W.K. Ford (Xerox Research Center, Webster, N.Y.) 1 
"The dependence of the electron structure of 
polymers on their molecular architecture". 
13 October 
14 October 
27 October 
28 October 
Dr. W.J. Feast (University of Durham), "Approaches 
to the synthesis of conjugated polymers". 
Prof. H. Suhr (University of Tubingen 1 FRG) 1 "Pre-
parative Chemistry in Non-equilibrium plasmas". 
Dr. C.E. Housecroft (Oxford High School/Notre Dame 
University) "Bonding capabilities of butterfly-
shaped Fe 4 units implications for C-H bond actlv-
a-ti-on in hydrocarbon -compl-exes". 
Prof. M.F. Lappert, F.R.S. (Univers1ty of Sussex) 1 
"Approaches to asyrrunetric syntheses and catalyses 
using electron-rich olefins and some of the1r metal 
complexes". 
15 November Dr. G. Bertrand (University of Toulouse, France), 
Crutius rearrangement in organometall1c series. 
A route for hybridised species". 
24 November Prof. G.G. Roberts (Applied Phhysics, Univers1ty 
of Durham), "Langmiur-Blodgett f1lms: Sol1d state 
polymerisation of diacetylenes". 
2 December 
8 December 
1983 
12 January 
Dr. G.M. Brook (University of Durham), "The fate of 
the ortho-fluorine in 3,3-sigmatropic react1ons ln-
volving polyfluoroaryl and -heteroaryl systems". 
Dr. G. Wooley (Trent Polytechnic), "Bonds 1n 
transition metal-cluster compounds). 
Dr. D.C. Sherrington (University of Strathclude), 
"Polymer-supported phase transfer catalysts". 
9 Februa!.Y 
189 
Dr. P. Moore (University of Warwick), "Mechan1st1c 
studies in solut1on by stopped flow F.T.-N.M.R. and 
high pressure N,R line broadening". 
21 February Dr. R. Lynder-Bell (Univers1ty of Cambridge), Mole-
2 March 
8 March 
9 March 
11 March 
16 .r-1arch 
25 March 
21 April 
4 May 
10 May 
cular motion in the cubic phase of NaCN". 
Dr. D. Bloor (Queen Mary College, Un1vers1ty of 
London) , "The solid-state chemistry of d1acetylene 
monomers and polymers". 
Prof. D.C. Bradley, F.R.S. (Queen Mary College, 
University of London), "Recent developments in 
organo-imido-t:r-ans-iEion- meEa-l ehem:rst:-:t:y". 
Dr. D.M.J. Lilley (University of Dundee), "DNA, 
Sequence, Symmetry, Structure and supercooling". 
Prof. H.G. Viehe (University of Louvain, Belgium), 
''Oxidations on Sulphur", "Fluorine substitut1ons 
in radicals". 
[The W.K.R. Musgrave Lecture] 
Dr. I. Gosney (University of Edinburgh), "New 
extrusion reactions: Organic synthesis in a hot-tube". 
Prof. F. G. Baglin (University of Nevada, U.S.A.), 
"Interaction induced Raman spectroscopy in supru-
critical ethane". 
Prof. J. Passmore (University of New Brunsw1ck, U.S.A.) 
"Novel selenium-iodine cations". 
Prof. P.H. Plesh (University of Keele), "B1nary 
ionisation equilibria between two ions and two 
molecules. What Ostwald never thought of". 
Prof. K. Burger (Technical University of Munich, FRG), 
"New reaction pathways from trifluoromethyl-substltuted 
heterodienes to partially fluorinated heterocycl1c 
compounds" . 
ll May 
13 May 
16 May 
18 May 
25 May 
15 June 
22 June 
5 July 
5 October 
12 October 
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Dr. N. Isaacs (University of Reading), "The Applic-
ation of high pressures to the theory and practlce 
of organic chemistry". 
Dr. R. de Koch (Caloin College, Grand Rapids, 
Michigan/Free University Amsterdam), "Electronic 
structural calculations in organometallic cobalt 
cluster molecules. Implications for metal surfaces". 
Prof. R.J. Lagow (University of Texas, U.S.A.), 
"The chemistry of polyllthium organic compounds. 
An unusual class of matter". 
Dr. D.M. )\da!flS (Univer~j.ty of Lelcestgr_), "Sp_~ctro- __ 
scopy at very high pressures". 
Dr. J.M. Vernon (University of York), "New hetero-
cyclic chemistry involving lead tetraacetate". 
Dr. A. Pietrzykowski (Technical University of Warsaw/ 
University of Strathclyde), "synthesis, structure 
and properties of Aluminoxanes". 
Dr. D.W.H. Rankin (Bniversity of Edinburgh), 
''Floppy molecules -the influence of phase on 
structure". 
Prof. J. Miller (University of Camflnas, Brazll), 
"Reactivity in nucleophilic substitutlon reactlons". 
Prof. J.P. Maier (University of Basel, Swltzerland), 
"Recent approaches to spectroscopic characterlz-
ation of cations". 
Dr. C.W. McLeland (University of Port Elizabeth, 
Australia) , Cyclization of aryl alcohols through 
the intermediucy of alkoxy rudic,1ls and ..1 ry I r,ul 1 c.1 I 
cutions". 
19 October 
26 October 
191 
Dr. N.W. Alcock (University of Warwick), "Aryl 
tellur1um (IV) compounds, patterns of primary and 
secondary bonding". 
Dr. R.H. Friend (Cavendish Laboratory, Univers1ty 
of Cambridge), Electronic properties of conjugated 
polymers". 
30 November Prof. I. Cowie (University of St1rling), "Molecular 
interpretation of non-relaxation processes 1n 
polymer glasses". 
14 December Prof. R.J. Donovan (University of Ed1nburgh), 
"ehemica-1 and phys-ical processes ±nvolv1ng the 
ion-pair states of the halogen molecules". 
1984 
10 January 
18 January 
8 February 
Prof. R. Hester (Univers1ty of York), "Nunosccond 
laser spectroscopy of reaction 1ntermed1ates". 
Prof. R.K. Harris (University of East Angl1a), 
Multi-nuclear solid state magnetic resonance". 
Dr. B.T. Heaton (University of Kent), "Multi-
nuclear n.m.r. studies". 
15 February Dr. R.M. Paton (University of Edinburgh), "Hetero-
7 March 
21 March 
cyclic syntheses using n1trile sulph1des". 
Dr. R.T. Walker (University of Birmingham), 
"Synthesis and biological propert1es of some 5-
substituted urac1l derivatives; yet another example 
of selendipity in antiviral chemotherapy". 
Dr. P. Sherwood (Univers1ty of Newcastle), "X-ray 
photoelectron spectroscopic studies of electrode 
and other surfaces". 
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DURHAM UNIVERSITY CHEMICAL SOCIETY LECTURES 
1981 
22 October Dr. P.J. Cornish (Dunlop Ltd.), "What would life 
be like without Rubber?" 
12 November Prof. A. I. Scott (Edinburgh University), "An 
organic chemist's view of life in the NMR tube". 
26 November Dr. W.O. Ord (Northumbrian Water Authority), "The 
role of the Sclentis,t in a Regional Water Authority". 
3 December 
t982 
28 January 
Dr. R.E. Hester (York University), "Spectroscopy 
with Lasers". 
Prof. I. Fells (University of Newcastle upon Tyne), 
"Balancing the Energy Equations". 
11 Febr1:1ary Dr. D. W. Turner (University of Oxford) , "Photo-
electrons in a Strong Magnetlc Fleld". 
18 February Prof. R.K. Harris (Unlversity of Eust Angl1a), 
"N.m.r. ln the 1980s". 
25 February Prof. R.O.C. Norman, F.R.S. (Universlty of York), 
"Turning Points and Challenges for the Organ1c 
Chemist". 
4 March 
14 october 
28 October 
4 November 
Dr. R. Whyman (I. C. I. Ltd., Runcorn), "Making :-1etal 
Clusters Work". 
Mr. F. Shenton (County Analyst, Durham), "There 
is death in the pot". 
Prof. M.F. Lappert, F.R.S. (Universlty of Sussex) 1 
"The Chemistry of Some Unusual Subvalent Compounrls 
of the Main Group IV and V I:;lements". 
Dr. D. II. W"LllluffiS (Unlvcrslty or CdiTIIJridqc) I ~jlud 1~'. 
on the Structures and :vtodes of /\ctlon of l\ntibiotlcs". 
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11 November Dr. J. Cramp (I.C.I. Ltd.), "Lasers in Industry". 
25 November Dr. D.H. Richards, P.E.R.M.E. (Ministry of Defence), 
"Term1nally Functional Polymers, their Synthes1s 
and Uses". 
1983 
27 January Prof. D.W.A. Sharp (Un1vers1ty of Glasgow), "Some 
Redox Reactions in Fluor1ne Chemistry". 
3 February Dr. R. Manning (Department of Zoology, Univers1ty 
of Durham), "Molecular Mechanisms of Hormone Act1on". 
10 February Sir Geoffrey Allen, F.R.S. (Unilever Ltd.), "U.K. 
Research Ltd.". 
17 February [R.S.C. Centenary Lecture], Prof. A.G. MacDiarm1d, 
(University of Pennsylvania), Metall1c Covalent 
Polymers: (SN) and (CH) and their Der1vat1ves". X X 
3 March Prof. A.C.T. North (Un1vers1ty of Leeds), "The 
Use of a Computer Display System in Study1ng Mole-
cular Structures and Interactions". 
20 October Prof. R.B. Cundall (University of Salford), 
"Explosives". 
3 November Dr. G. Richards (University of Oxford), "Quantum 
pharmacology". 
10 November Dr. J. Harrison (Sterl1ng Organic), "Appl1ecl 
Chemistry and the Pharmaceutical Industry". 
24 November Prof. D.A. King (University of L1verpool), "Chemistry 
in two dimensions". 
1 December Dr. J.D. Coyle (The Open University), "The problem 
w1th sunshine". 
1984 
26 January 
194 
Prof. T.L. Blundell (Birkbeck College, London), 
"Biological recognition: Interact1.ons of macro-
molecular surfaces". 
2 February Prof. N.B.H. Jonathan (University of Southampton), 
"Photoelectron spectroscopy- a radical approach". 
16 February Prof. D. Phillips (The Royal Institution), "Luml.n-
escence and photochemistry- a light entertainment". 
23 February Prof. F.G.A. Stone, F.R.S. (University of Br1.stol), 
"The use of carbene and carbyne groups to synthes1.se 
me-t;.a-1 cl-us-Ee-rs". 
1 March 
8 March 
28 March 
2 April 
[The Waddington Memorial Lecture]. 
Prof. A.J. Leadbetter (Rutherford Appleton Labs.), 
"Liquid Crystals" 
Prof. D. Chapman (Royal Free Hospital School of 
Medicine, University of Lobdon), Phospholipids and 
biomembranes: basic structure and future techn1.ques". 
[R.S.C. Centenary Lecture]. 
Prof. H. Schmidbaur (Techn1.cal Un1.vers1.ty of Mun1ch, 
FRG), "Ylides in coord1.nation sphere of mctLils: 
synthetic, structural and theoret1.cal aspects". 
Prof. K. O'Driscoll (University of Waterloo, France), 
"Chain Ending Reactions in Free Radical Polym'ns". 
195 
Conferences Attended 1981-1984 
April 1982 
21 April 1983 
28 April 1983 
11 April 19·84 
16-20 July 1984 
* 
Graduate Symposium, University of Durham 
Graduate Symposium, University of Durham 
Royal Society of Chemistry - Faraday and 
Perk1ns Divisions, London. 
* Graduate Symposium, Univers1ty of Durham 
* Cellucon '84 , Wrexham 
papers presented by the author. 
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